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(formerly  the  Cornell  Aeronautical  Laboratory)  as  part  of  Air  Force  Contract 
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Mr.  Terry  Neighbor  (AFFDL/FGC)  and  the  Calspan  project  engineer  was 
Mi*.  David  Key. 

This  technical  report  was  submitted  by  the  author  in  June  1973*  It  is 
also  published  as  United  Aircraft  Research  Laboratories  Report  M911287-15 • 

This  technical  report  has  been  reviewed  and  is  approved. 
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Air  Force  Flight  Dynamics  Laboratory 


ii 


ABSTRACT 


Fixed-  and  moving-base  flight  simulator  experiments  and  analyses  were 
conducted  to  provide  data  for  use  in  substantiating,  refining,  and  extending 
the  hovering  and  low- speed- flight  portion  of  MIL- F- 83300  -  V/STOL  Flying 
Qualities  Specification.  For  longitudinal  and  lateral  control,  the  follow¬ 
ing  areas  were  investigated:  turbulence  intensity,  control  lags  and  delays, 
control-moment  limits,  control  moments  through  stored  energy,  inter-axis 
motion  coupling,  independent  thrust-vector  control  and  rate-command/attitude- 
hold  control.  For  height  and  directional  control,  the  effects  of  damping 
levels,  control  lags  and  delays,  and  control  power  limits  were  investigated. 
Opinion  ratings,  pilot  comments,  and  pilot- selected  control  sensitivities 
were  recorded  in  the  flight  simulator  experiments;  control-power-usage  data 
were  also  obtained. 

The  results  indicate  that  the  MIL-F-83300  Level  1  requirement  for  V/STOL 
dynamic  response  provides  aircraft  dynamics  which  remajr  ^^ntrollable  for 
nominal  increases  in  gust  intensity.  The  specification  appears  to  generally 
exclude  pitch  and  roll  control  lags,  and  lags  in  thrust  response,  which  cause 
unsatisfactory  flying  qualities;  it  admits  lags  for  which  pilot  opinion  does 
not  deteriorate.  However,  it  also  excludes  directional  control  lags  which  do 
not  degrade  opinion.  The  results  further  indicate  that  the  specification  for 
installed  control  moments  provides  levels  which  are  satisfactory  but  not 
excessive.  Control  sensitivities  selected  by  the  pilots  also  generally  fall 
within  the  boundaries  specified,  but  are  much  closer  to  the  lower  limit  than 
to  the  upper.  Finally,  data  from  the  height  control  study  show  that  minimum 
2^  levels  of  -0.25  to  -0.35  are  necessary  for  satisfactory  flying  qualities 
with  unlimited  T/W. 

Results  for  unconventional  control  techniques  evaluated  indicate  that 
rotor-propulsion  system  stored  energy  can  be  used  to  offset  limitations  in 
installed  control  power.  Independent  thrust-vector  control  can  be  used  for 
hovering  and  maneuvering  when  properly  implemented.  Rate-eommand/attitude- 
hold  control  does  not  appear  to  provide  benefits  for  hover  and  low- speed 
flight . 

The  exceedance  data  show  that  speed  stability  and  damping  are  the 
configuration  parameters  having  the  greatest  effects  on  control  power  usage. 
Control  system  lags  have  little  effect  on  pitch  and  roll  control-moment 
usage,  but  they  increase  yaw  control- moment  and  thrust  usage  somewhat.  The 
largest  amounts  of  control  moment  were  used  for  the  quick  stop  task;  the 
smallest  amouncs  were  used  for  hover  and  turn- over- a- spot.  The  data  indi¬ 
cate  that  the  installed  total  moment  for  pitch  plus  roll  control  must  be 
sufficient  to  account  for  simultaneous  usage  by  the  pilot;  it  cannot  be 
assumed  that  pilots  make  independent  pitch  and  roll  control  inputs. 
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SECTION  I 


I 


INTRODUCTION 


A  specification  for  V/STOL  aircraft  flying  qualities,  MIL-F-83300,  has 
recently  been  developed  under  Air  Force  sponsorship  (Ref.  1).  It  is  based 
on  the  results  of  an  extensive  evaluation  of  previous  V/STOL  flying  quali¬ 
ties  studies  as  well  as  the  findings  of  recent  experimental  and  analytical 
research  funded  by  the  Air  Force.  Most  of  the  latter  was  conducted  as  part 
of  tne  VTOL  Integrated  Flight  Control  System  (VIFCS)  program.  The  specifi¬ 
cation  and  its  supporting  documentation  provide  guidance  in  the  design  of 
V/STOL  aircraft  control  systems  as  well  as  a  standard  for  flying  qualities. 
They  also  are  the  culmination  of  research  which  represents  a  major  advance 
in  the  understanding  of  v/STOL  flight  characteristics . 

Additional  research  is  required,  however,  in  the  V/STOL  hover  and  low- 
speed  flight  regime.  In  particular,  general  information  is  needed  on 
requirements  for  installed  control  power,  i.e.,  control  moments  and  thrust- 
to- weight  ratio.  Providing  appropriate  levels  of  control  power  for  hover 
and  low-speed  flight  is  a  critical  part  of  the  design  of  V/STOL  aircraft. 
Despite  its  importance,  there  are  little  general  data  available  which  relate 
flying  qualities  to  installed  control  power  (Refs.  2  through  4).  A  related 
factor  which  has  received  almost  no  attention  is  the  incremental  control 
moment  or  thrust  which  can  be  obtained  from  rotor- propulsion  s,>  stem  stored 
energy.  %  temporarily  converting  a  part  of  the  rotor-propulsion  system 
angular  momentum  to  control  power,  it  is  possible  to  supplement  the  in¬ 
stalled  control  powers.  Other  general  areas  which  should  be  investigated 
further  are  control  lags  and  delays  and  inter-axis  motion  coupling.  Motion 
coupling  dn  particular  has  not  been  given  adequate  attention.  Control  and 
rate  coupling,  for  example,  exist  to  some  degree  in  almost  all  V/STOL  air¬ 
craft  and  their  effects  can  ^..'■ad  to  a  significant  degradation  in  flying 
qualities.  In  general,  however ,  the  specification  treats  motion  coupling 
only  qualitatively. 

An  uncertainty  also  exists  over  the  level  of  height  velocity  damping, 
Z^,  needed  for  satisfactory  height  control  characteristics.  MIL-F-833OO 
indicates  that  height  control  will  be  satisfactory  providing  that  Z^.  is  not 
positive,  i.e.,  not  destabilizing.  Results  which  support  this  contention 
can  be  found  (Ref.  5).i  but  data  which  indicate  a  requirement  for  a  signifi¬ 
cant  level  of  negative  are  also  available  (Refs.  6  and  7).  The  height 
control  portion  of  bhe  specification  also  assumes  that  a  tradeoff  exists 
between  the  level  of  height  velocity  damping  present  in  the  aircraft  and 
the  required  installed  thrust-to-weight  ratio.  Althcugn  there  axe  results 
which  support  this  assumption,  it  merits  further  substantiation.  Finally, 
MIL-F-83300  would  be  more  useful  if  its  scope  could  be  extended  to  encompass 
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some  unconventional  V/STOL  control  systems.  The  specifications  my  already 
apply  to  many  aspects  of  hover  and  low- speed  flight  with  such  systems. 
However,  its  limitations  in  this  regard  are  not  known  and  it  would  be  bene¬ 
ficial  to  examine  V/STOL  flying  qualities  with  severed  unconventional  systems 
that  might  be  used  on  future  aircraft.  Examples  of  these  types  of  systems 
are  rate- command/ attitude- hold  or  "stick  steering"  control  and  thrust- 
vector  control  independent  of  aircraft  attitude. 

The  study  described  in  this  report  provides  additional  information  on 
the  hovering  and  low-speed  flying  qualities  of  V/STOL  aircraft.  The  objec¬ 
tive  of  the  program  was  to  provide  experimental  flight  simulator  data  and 
analyses  which  will  be  used  to  substantiate,  refine,  and  extend  the  hovering 
and  low-speed  flight  portion  of  the  V/STOL  Flying  Qualities  Specification. 
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SECTION  II 


BACKGROUND  OF  EXPERIMENTAL  PROGRAM 


This  section  contains  a  description  of  the  studies  conducted  using  the 
UAC  V/STOL  Flight  Simulator  and  a  discussion  of  the  equipment  and  procedures 
used  in  the  experimental  program.  Most  of  the  equipment  and  many  of  the 
procedures  used  for  the  experimental  studies  were  similar  to  those  described 
in  Refs.  7  and  8.  Also,  the  flight  simulation  for  this  study  was  designed 
to  correspond  as  closely  as  possible  to  that  implemented  at  Norair  for  their 
previous  V3FCS  study  (Ref.  9)  •  Table  A-I  is  a  summary  of  parameters  for 
cases  evaluated  and  a  key  to  tables  in  Appendices  A,  B,  C  and  D  that  are 
tabulations  of  all  the  data  discussed  in  Sections  III  through  V.  Additional 
details  of  the  flight  simulation  are  contained  in  Appendix  F. 

A.  Flight  Simulator  Studies 


The  experimental  piogram  was  designed  to  provide  data  to  substantiate, 
refine  and  extend  the  hovering  and  lew- speed  flight  portion  of  the  V/STOL 
Flying  Qualities  Specification.  It  included  studies  of  longitudinal  and 
lateral  flying  qualities,  height  control  and  directional  control.  Emphasis 
was  placed  on  obtaining  information  related  to  requirements  for  installed 
control  power.  The  data  obtained  generally  consisted  of  pilot  opinion 
ratings,  pilot- selected  control  sensitivities  end  measured  control  moment 
and/or  thrust  usage. 

1.  Longitudinal  and  Lateral  Control 

There  were  seven  different  investigations  conducted  in  this  part  of  the 
program.  They  were  concerned  with  the  effects  of  (1)  turbulence  intensity, 
(2)  lags  and  delays  in  the  response  to  control  inputs,  (3)  limits  on  the 
available  control  moments,  (4)  incremental  pitch  control  moment  through 
stored  energy,  (5)  inter-axis  motion  coupling,  (61  thrust-vector  control 
independent  of  aircraft  attitude,  and  (7)  rate-command/attitude-hold  con¬ 
trol.  Six  basic  V/STOL  configurations  were  selected.  A  range  of  values  of 
the  parameter  being  considered  was  then  evaluated  for  each  basic  configura¬ 
tion.  Also,  longitudinal  and  lateral  control  were  generally  evaluated 
together;  only  one  pilot  opinion  rating  was  given  for  a  test  case,  and  this 
represented  the  pilot’s  assessment  of  the  combined  longitudinal  and  lateral 
flying  qualities.  In  aedition,  control  moments  were  effectively  "unlimited" 
and  pitch,  roll  and  yaw  . .v.rtrol- moment  usage  was  measured  for  each  study, 
unless  noted  otherwise. 
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a.  Basic  Configurations 


The  six  basic  configurations  had  conventional  rate  and  attitude  sta¬ 
bility  augmentation,  and  each  was  similar  to  configurations  evaluated  in 
the  previous  Norair  and  UARL  studies  (Refs.  7  through  9)  •  They  also  were 
symmetrical  in  that  each  lateral  stability  derivative  had  the  same  value  as 
tne  corresponding  longitudinal  derivative.  The  directional  and  vertical 
stability  derivatives  were  the  same  for  all  six  configurations.  Table  I 
lists  their  stability  derivatives  and  root  locations;  roots  are  also  plotted 
in  Fig.  1.  It  is  apparent  that  the  basic  configurations  span  a  wide  range 
of  dynamic  response  characteristics.  They  encompass  all  three  of  the  levels 
(1,  2  and  3)*  used  to  characterize  aircraft  flying  qualities  in  MIL-F-83300, 
in  addition  to  exhibiting  a  range  of  responses  to  turbulence. 


TABLE  I 

STABILITY  DERIVATIVES  AND  ROOT  LOCATIONS  FOR  UARL  BASIC  CONFIGURATIONS 


Conf . 

Level 

Stability  Derivatives 

1,2 

Root  Locations 

«ug 

*u 

Hi 

% 

Real 

Root 

BC1 

1 

0.33 

-0.05 

Bj 

-4.2 

-0.13 

-0.8l  ±  j  1.85 

BC2 

2 

1.0 

-0.05 

| 

-2.5 

-0.5 

-0.30  ±  3  1.47 

BC3 

3 

1.0 

-0.05 

-2.0 

0 

-2.2 

0.08  ±  j  o.68 

BC4 

B 

1.0 

-0.20 

i 

CO 

o 

1 

-2.5 

-0.35  *  J  0.64 

BC5 

n 

0.33 

-0.20 

Kilt 

-0.29 

-0.81  ±  3  1.85 

bc6 

2 

_ _ _ 

1.0  ' 

-0.20 

1 

1 

-0.65 

-0.32  ±  3  1-48 

1.  Symmetrical  configurations  -  lateral  derivative  has  same  value  as 
corresponding  longitudinal  derivatives. 


2.  Directional  derivatives  for  all  configurations:  Ny  =  0.002,  Nr  =  -1, 
Ify  =  0.20;  Vertical  derivatives:  =  -1,  Z^q  =  -3.2,  T/W  >  1.15. 


* Level  1  flying  qualities  are  "clearly  adequate  for  the  mission";  Level  3 
are  such  that  the  "aircraft  can  be  controlled  safely  but  pilot  workload  is 
excessive  or  mission  effectiveness  is  inadequate,  or  both";  and  Level  2 
flying  qualities  lie  between  these  extremes. 


4 


Configurations  BC1,  BC4  and  BC5  are  Level  1,  but  BC4  exhibits  a  larger 
attitude  response  to  turbulence  (M^g  =  -Lyg  =  1.0)  than  BC1  and  BC5 
(l^g  =  -Lyg  =  0.33).  Also,  BC4  and  BC5  have  greater  position  responses 
to  turbulence  than  BC1  =  Yy  =  -0.20  versus  =  Yy  =  -0.05).  Configura¬ 
tions  BC2  and  BC6  are  Level  2  with  large  speed- stability  parameters.  This 
feature,  combined  with  the  lower  levels  of  damping,  results  in  significant 
attitude  disturbances  due  to  gusts.  Configuration  BC6  also  has  the  large 
drag  parameters  and  the  attendant  large  position  responses  to  turbulence. 
Finally,  configuration  BC3  is  Level  3  with  lightly  damped  dynamics,  large 
speed- stability  parameters  (l^g  =  -Lyg  =  1.0),  and  large  attitude  distur¬ 
bances  from  turbulence.  It  is  important  to  note  also  that  all  of  the  rate 
damping  and  attitude  stabilization  represented  by  these  derivatives  in 
Table  I  (i.e.,  Mq,  Uq  and  their  lateral,  vertical  and  directional  counter¬ 
parts)  was  assumed  to  be  provided  by  a  stability  augmentation  system  (SAS). 

b.  Turbulence  Intensity 


This  study  was  conducted  to  provide  information  on  the  sensitivity  of 
aircraft  with  different  level  flying  qualities  to  changes  in  turbulence 
intensity  and  to  obtain  control-moment  usage  data.  The  flying  qualities  of 
Level  1  aircraft  should  be  somewhat  insensitive  to  gust  level.  That  is,  the 
MIL-F-83300  definition  for  V/ST0L  Level  1  dynamic  response  must  be  formulated 
such  that  flying  qualities  remain  acceptable  for  commonly  encountered  turbu¬ 
lence  intensities.  Greater  deterioration  in  flying  qualities  would  be  ex¬ 
pected  for  Level  2  and  3  aircraft.  Each  of  the  six  basic  configurations 
ms  evaluated  at  three  levels  of  rms  longitudinal  and  lateral  turbulence 
intensity,  <ru  =  (Tv  =  3.4,  5.8  and  8.2  ft/sec.  The  wind  simulation  also 
included  a  mein  wind  Um  =  10  kt  (»17  ft/sec)  from  the  north.  Note  that 
only  for  this  study  were  rms  turbulence  intensities  other  than  CUg  =  Oy  = 

3.4  ft/sec  evaluated.  For  the  rest  of  the  program  the  wind  simulation  §on- 
sisted  of  £ru  =  =  3,4  ft/sec  and  10  kt.  Details  of  the  wind  simu¬ 

lation  are  described  in  Section  II.B.l. 

c.  Lags  and  Delays  in  Attitude  Response  to  Control  Inputs 

Pitch  and  roll  control  lags  and  delays  were  evaluated  to  test  the 
adequacy  of  the  MIL-F-833OO  specification  for  such  effects  (paragraph  3.2.4, 
Ref.  1).  These  lags  and  delays  only  operated  on  the  pilot’s  control  stick 
inputs,  i.e.,  the  stability  augmentation  system  (SAS)  commands  were  not 
affected.  The  location  of  the  lags  and  delays  in  the  pitch  attitude  control 
loop  is  shown  schematically  in  Sketch  II-A.  The  implementation  was  identi¬ 
cal  for- the  roll  loop.  In  the  specification  pitch,  roll  or  yaw  lags  and 
delays  axe  presumed  to  be  within  acceptable  limits  if  the  time  to  reach  the 
initial  maximum  angular  acceleration  is  no  greater  than  0.3  sec.  To  span 
this  requirement  with  both  acceptable  and  unacceptable  values,  first-order 
lags  having  time  constants  of  0.1,  0.3  and  0.6  sec  were  evaluated  for  each 
basic  configuration.  Also,  the  longitudinal  and  lateral  lags  were  always 
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SKETCH  II-A.  Location  of  lags  and/or  Delays  Simulated 
in  Pitch  Response  to  Control  Inputs 


equal  (re  =  ra)  for  a  given  test  case.  In  addition,,  pitch  and  roll  moment 
delays,  =  6^,  of  O.'l  sec  were  evaluated  with  and  without  a  combined  first- 
order  lag  of  Te  =  Ta  =  0.3  sec.  Configurations  BC1  and  BC2  were  used  for 
these  test  cases.  The  effects  of  second- order  control  lags  were  also  inves¬ 
tigated  with  configuration  BCl  to  further  test  the  specification.  The  signi¬ 
ficance  of  amplitude  versus  phase  effects  was  examined  by  varying  the  damping 
ratio  and  natural  frequency  of  the  second-order  lags. 

d.  Limits  on  Available  Control  Moments 

The  purpose  of  the  control- moment-limit  study  was  to  investigate  the 
effects  of  aircraft  configuration  and  control  system  parameters  on  the  total 
control  moments  (i.e.,  moments  commanded  by  the  pilot  and  the  rate  damping 
and  attitude  stabilization  derivatives  or  SAS)  necessary  for  pilot  accep¬ 
tance.  Another  objective  was  to  examine  whether  these  required  installed 
control  moments  correlate  with  the  control  moment  levels  exceeded  sane  given 
small  percent  of  the  time  with  unlimited  moment  available,  e.g.,  the  5-p er~ 
cent  level.  Information  on  the  adequacy  of  the  MIL-F-83300  specification 
for  pitch,  roll  and  yaw  control  power  (paragraph  3. 2. 3.1)  was  also  provided 
by  comparing  it  with  the  results  of  this  study. 

Configurations  BCl,  BC4,  BC5  and  BC6  were  considered  initially  without 
control  lags  or  delays.  Three  to  five  levels  of  available  total  control 
moment  were  evaluated  for  each  configuration,  and  pilot  opinion  ratings 
were  used  to  indicate  the  sufficiency  of  the  levels.  Pilots  were  not  aware 
of  the  control- moment  limits  except  as  they  affected  flying  qualities.  The 
moment  limits  were  applied  on  an  analog  computer,  not  to  the  physical  con¬ 
trol  stick  motion  and  the  maximum  control  travels  available  ware  such  that 
the  limits  would  always  be  exceeded  if  the  maximum  travels  were  used.  The 
control  moment  versus  moment  command  characteristics  simulated  in  the  moment 
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limit  study  for  pitch,  roll  and  yaw  control  are  shown  in  Sketch  II- B.  Note 
that  the  moments  available  in  the  pitch,  roll  or  yaw  axes  were  never  identi¬ 
cal.  The  reference  limits  or  starting  points  for  the  installed  control- 
moment  levels  (pitch,  roll  and  yaw)  were  averages  of  those  levels  exceeded 
5  percent  of  the  time  (CM^)  with  unlimited  moment  available.  The  limits 
for  the  remaining  test  cases  were  developed  by  increasing  (or  decreasing) 
the  reference  levels  by  integral  multiples  of  10  percent. 


SKETCH  II- B.  Pitch,  Roll  or  Yaw  Control  Moment  Versus 
Total  Control- Moment  Command  Character¬ 
istics  for  the  Moment  Limit  Study 

The  effects  of  control-moment  limits  were  next  evaluated  with  control 
system  lags  and  delays  present.  Configurations  BC1  and  BC5  were  used  with 
pitch  and  roll  response  delays  of  de  =  =  0.1  sec  in  combination  with 

first-order  lags  of  either  re  =  ra  =  0.3  sec  or  0.6  sec.  The  moment  limits 
evaluated  and  the  procedures  for  this  investigation  were  unchanged  from 
those  for  no  control  lags  or  delays, 

e.  Control  Moments  Through  Stored  Energy 

Several  types  of  V/STOL  aircraft  derive  pitch  and  roll  control  moments 
from  cyclic  and/or  collective  changes  of  rotor  system  blade  angles.  Momen¬ 
tary  incremental  control  moments  above  the  installed  moment  levels  can  be 
obtained  for  such  systems  by  abruptly  increasing  blade  angles  to  values 
larger  than  the  normal  operating  limit.  Of  course,  the  aircraft's  power- 
plant  will  be  unable  to  maintain  engine  rpm  at  this  large  blade  angle,  and 
rpm  will  decay.  However,  the  brief  increase  in  moment  may  be  sufficient 
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to  compensate  for  deficiencies  in  the  installed  control  moments.  This  study 
was  undertaken  to  examine  whether  the  stored  energy  in  typical  V/STOL  rotor- 
propulsion  systems  could  be  used  to  such  advantage. 

Preliminary  analyses  indicate  that  it  may  be  possible  to  approximate 
the  control  moments  available  from  stored  energy,  C%E,  by 


d(rpm) 

dt 


+  C-l  (rpm) 


2 


-  Cg 


2 

C^E  *  C3  (rpm) 


(1) 


where  coefficient  Cj_  is  related  to  the  blade  drag,  Cg  to  the  available  engine 
horsepower,  and  C3  to  the  blade  lift  coefficient.  Also,  coefficients  Cj  and 
C3  both  change  when  the  pilot  moves  his  control  stick.  For  this  study, 
stored  energy  effects  were  simulated  for  pitch  control  moments  only  and  a 
linearized  version  of  Eq.  (1)  was  used  to  represent  stored  energy  (Eq.  (2)). 


\  dt  +  Gf^E  =  tA  dt  (  I  Commanded  Moment  |  -  M^)  (2) 


In  Eq.  (2)  the  parameter  is  the  time  constant  associated  with  the  stored 
energy  decay  and  Mcm  is  the  steady- state  or  installed  control  moment.  Also, 
the  maximum  control  moment  increment  available  from  stored  energy  is  defined 
as  and  the  function  (| Commanded  Moment  |  -  M^m)  in  Eq.  (2)  cannot  be 
larger  than  AMq.  In  addition,  the  stored  energy  increment  was  available  for 
both  positive  and  negative  control  commands  as  indicated  in  Eq.  (2).  The 
pitch  control-moment  step  response  for  the  stored  energy  study  is  shown  in 
Sketch  II-C.  The  moment  response  shown  there  is  similar  to  the  maximum  pitch 
control  moment  the  pilot  and/or  SAS  could  command  if  a  large,  rapid  control 
input  was  made  and  sustained.  The  total  moment  available,  then,  consisted 
of  a  continuously  available  installed  moment,  Mcm,  plus  a  transient  term 
which  was  excited  if  the  magnitude  of  the  total  command  exceeded  Mcm.  The 
transient  gave  an  abrupt  increase  related  fco  the  |  Commanded  Moment  |  -  MCffl 
(up  to  the  maximum  increment  of  4 Me)  that  decayed  with  time  constant  Tj  . 

Mcm  and  AMc  are  considered  to  be  positive  functions  in  this  discussion.  The 
increment  from  stored  energy  could  be  used  at  any  time,  but  after  it  decayed 
the  pilot  (and/or  SAS)  had  to  reduce  the  commanded  moment  and  wait  until  the 
stored  energy  simulation  recovered  (the  recovery  time  constant  was  also  ). 
This  effectively  simulated  the  time  it  would  take  a  propulsion  system  to 
restore  rotor  rpm.  A  logic  diagram  illustrating  the  stored- energy  simulation 
is  shown  in  Sketch  II-D.  Representative  values  for  the  increment  and  the 
rpm  decay  (and  recovery)  time  were  determined  from  an  analysis  of  the  XC-142 
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SKETCH  II-C.  Step-Response  Characteristics  of  the 
Simulation  of  Incremental  Control 
Moment  Available  Through  Stored  Energy 


Magnitude  of 
Total  Commanded 
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SKEiCII  IT  D.  Schematic  Showing  Switching  Logic  for  Stored 
Energy  Simulation 

propulsion  system.  It  appears  that  a  moment  increment  of  30  percent  of  the 
installed  moment  is  possible  with  associated  decay  time  constants  of  = 

0.05  and  0.10  sec.  Values  f or  of  as  much  as  0.2  sec  may  be  possible  for 

helicopters  because  of  the  greater  rotor- system  inertia. 

The  effects  on  flying  qualities  of  pitching  moment  available  through 
stored  energy  were  investigated  with  the  same  basic  configurations  considered 
in  the  control- moment  limit  study,  i.e.,  BC1,  £C4,  BC5  and  LC6.  The  install¬ 
ed  pitch  control  moment,  Mcffi,  for  each  configuration  was  set  at  a  low  level 


which  yielded  unsatisfactory  pilot  ratings  without  stored  energy  effects. 

All  other  installed  control  moments  were  set  at  satisfactory  levels.  The 
effects  of  the  incremental  pitch  control  moments  supplied  by  stored  energy 
were  then  evaluated  for  different  combinations  of  AMq  and  .  Pilot  ratings 
were  used  to  assess  the  effects  of  stored  energy.  As  for  the  study  of 
control- moment  limits,  the  pilots  were  not  aware  of  the  limits  on  pitch 
control  powei  except  through  aircraft  flying  qualities.  Control- moment  data 
were  not  measured  during  the  stored  energy  investigation. 

f .  Inter-Axis  Motion  Coupling 

This  study  was  performed  to  determine  acceptable  values  of  attitude  rate 
coupling  (Mp  and  Iq)  and  control  coupling  (M^a  and  L^e) .  An  analysis  was 
conducted  initially  to  determine  appropriate  polarities  and  magnitudes  for 
these  parameters.  The  sign  convention  used  for  the  attitude  rate  coupling 
(Mp  positive  and  Iq  negative)  was  derived  from  a  simple  analysis  of  hinge- 
less-rotor  aerodynamics.  When  the  rotor  tip-path-plane  shown  in  Sketch  II-E 


SKETCH  II-E.  Top  View  of  Rotor  Tip  Path  Plane 

undergoes  pitch  rates,  one  effect  gives  rise  to  net  rolling  moments.  For 
example,  if  pitch  attitude  is  increased  by  a  positive  pitch  rate,  the 
angle  of  attack  of  a  blade  in  sire  DAB  will  also  increase,  while  that  in 
arc  BCD  will  decrease,  causing  a  negative  rolling  moment  (Iq  negative). 
Similarly,  a  positive  roll  rate  (increase  in  roll  attitude)  results  in  a 
positive  pitching  moment  (Mp  positive).  Data  in  Ref.  10  indicate  that  rate 
coupling  levels  ranging  from  Mp  =  0.3,  Iq  =  -2.7  to  Mp  =  1.5,  Iq  =  ~l4  can 
he  present  in  uncompensated  helicopter  control  systems,  depending  on  rotor 
design. 

The  sign  convention  for  control  coupling  can  also  be  interpreted  by 
reference  to  Sketch  II-E.  The  maximum  control  moment  for  an  articulated 
(hinged)  rotor  o'.curs  when  the  blade  has  moved  an  additional  90  deg  after 
a  blade-angle  ("cyclic)  change,  i.e.,  the  maximum  pitching  moment  occurs  at 
point  B  if  the  blade  angle  is  changed  at  A.  For  a  hingeless  rotor  the 


10 


maximum  moment  occurs  after  a  smaller  phase  lag,  e.g.,  somewhere  in  the 
arc  AB  for  a  blade  angle  change  at  A.  Therefore,  a  positive  pitch  control 
input  gives  rise  to  a  negative  roll  moment  (L^g<  0)  and  a  positive  roll 
control  command  results  in  a  positive  pitch  moment  (M^a>0).  It  should  be 
noted  that,  with  the  sign  conventions  described,  the  effects  of  attitude 
rate  and  control  coupling  are  additive.  For  example,  a  positive  pitch  con¬ 
trol  input  yields  a  positive  pitch  rate  and,  since  both  Lq  and  L^g  are  nega¬ 
tive,  the  induced  rolling  moments  from  both  sources  are  negative.  However, 
in  the  flight  simulator  evaluation  of  coupling  effects,  coefficients  having 
signs  which  resulted  in  cancelling  moments  (Lq<0,  ^>0  and  1^>0,  M^a<  0) 
were  also  evaluated. 

Configurations  BC1  and  BC2  were  considered  in  this  study  with  rate 
coupling  levels  of  Mp  =  -Lq  =  2  and  4  and  control  coupling  up  to  M^g/L^a  = 

I =  °*50.  The  different  types  of  coupling  were  evaluated  separately 
and  in  combination. 

g.  Thrust-Vector  Control  Independent  of  Aircraft  Attitude 

Independent  thrust- vector  control  ( ITVC)  enables  the  pilot  to  maneuver 
aircraft  having  large  drag  parameters  without  large  attitude  changes.  Also, 
with  ITVC,  large  aircraft  can  be  maneuvered  near  the  ground  with  a  reduced 
probability  of  tail  strikes  (and  wing  strikes,  if  lateral  ITVC  is  also 
available) .  Only  longitudinal  ITVC  was  investigated  in  this  study  and  it 
was  implemented  in  two  ways.  In  the  first  approach  the  longitudinal  thrust 
vector  was  rotated  using  a  thumb  switch  which  commanded  a  constant  rate  of 
rotation.  Pitch  attitude  was  controlled  using  the  conventional  control  stick. 
This  technique  for  thrust- vector  control  was  identical  to  the  implementation 
of  the  wing  tilt  (or  thrust- vector)  control  which  was  used  by  the  evaluation 
pilots  to  trim  the  effects  of  mean  wind  acting  through  the  longitudinal  drag 
parameter.  The  wing  tilt  capability  was  available  for  all  test  cases  eval¬ 
uated  in  the  UARL  study.  However,  only  for  the  ITVC  study  was  the  pilot 
permitted  to  use  this  device  ■f'or  general  position  control.  The  second  methea 
of  implementation  involved  proportional  control  of  the  thrust-vector  angle 
using  the  control  stick  while  pitch  attitude  was  controlled  with  the  thumb 
switch.  The  thumb  switch  commanded  a  fixed  rate-of-change  of  pitching 
moment  (Mys) .  In  general,  the  thrust-vector  angle  was  displayed  on  the  con¬ 
tact  analog  display  with  a  symbol  that  moved  vertically.  Thrust-vector 
angle  was  also  displayed  on  the  instrument  panel.  For  some  of  the  experi¬ 
ments  only  the  instrument  panel  display  was  used.  Two  Level  1  configurations 
(BC1  and  BC4)  and  a  Level  2  configuration  (EC2)  were  used  in  the  ITVC  study. 
These  configurations  provide  a  range  of  position  response  characteristics 
with  which  to  test  ITVC.  Configurations  BC1  and  BC2  have  low  drag  param¬ 
eters  (Xu  =  Yv  =  -0.05)  and,  consequently,  low  position  stability  and  low 
position  response  to  turbulence.  Configuration  BC4  has  large  drag  param¬ 
eters  which  give  it  greater  position  stability  but  also  larger  gust- induced 
position  disturbances.  Attitude  control  moments  were  unlimited  for  this 
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study  and  the  thrust- vector  angle  could  be  rotated  through  ±  90  deg.  Pitch 
and  roll  control-moment  usage  and  thrust-vector  angle  were  measured  in  the 
ITTC  study. 


h.  Rate-Command/Attitude-Hold  Control 

The  rate-command/attitude-hold  or  "stick  steering"  control  system  has 
two  significant  attributes.  First,  it  will  hold  trim  attitudes  while  allow¬ 
ing  the  pilot  to  center  the  stick  and,  second,  it  provides  a  rate- command 
control  response  for  higher  frequency  control  motions.  A  representative 
attitude  transfer  function  (pitch)  for  such  a  system  is  given  by  Eq.  (3): 


s(s2  +  2^s  +  d>n2) 


(3) 


This  transfer  function  can  be  obtained  for  a  rate  and  attitude  stabilized 
V/STOL  aircraft  by  integrating  the  control  stick  input  to  the  attitude  con¬ 
trol  system.  This  is  the  feature  which  enables  the  pilot  to  hold  trim  atti¬ 
tude  with  no  steady- state  control  input.  The  attitude  stabilisation  must 
then  be  increased  to  values  which  drive  the  real  root  of  the  attitude  dynam¬ 
ics,  i.e.,  the  real  root  of  the  hovering  cubic,  towards  zero,  where  it  will 
be  cancelled  by  the  first-order  zero  related  to  drag  parameter.  If  the 
natural  frequency  of  the  quadratic  term  in  Eq.  (3)  is  then  sufficiently 
large,  the  transfer  function  8/$e  at  and  below  the  pilot’s  crossover  fre¬ 
quency  (wQ  «  2.5  to  3.5  rad/sec,  Ref.  8)  will  effectively  be 


U) 


However,  the  dynamics  still  retain  the  attitude  stabilization  features.  The 
lead  compensation  that  must  be  supplied  by  the  pilot  for  pitch  and  roll  con¬ 
trol  and,  consequently,  the  longitudinal  flying  qualities  of  this  control 
system,  are  very  dependent  on  the  damping  ratio,  £ ,  and  natural  frequency, 
of  the  quadratic  in  Eq.  (3)--  The  rate- command/attitude- hold  control 
system  for  pitch  attitude  (and  also  roll)  was  implemented  as  shown  in 
Sketch  II-F  for  this  study. 

For  this  study  the  basic  longitudinal  and  lateral  airframe  derivatives 
of  configurations  BC1  and  BC4  were  used  as  a  base  and  the  rate  damping  (Mg, 
Lp)  and  attitude  stabilization  (Mg,  L^)  parameters  were  varied  to  provide  a 
broad  range  of  £  and  wn  for  the  pitch  and  roll  dynamics.  The  initial  param¬ 
eters  chosen  were  based  on  a  closed- loop  analysis  of  the  pilot-aircraft 
dynamics.  Values  for  £  andcun  that  could  not  be  obtained  with  simple 
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SKETCH  II-F.  Implementation  of  Rate- Command/Attitude- Hold  Control 


attitude  and  rate  feedbacks  were  not  evaluated  in  this  study.  Again,  the 
pitch  and  roll  attitude  dynamics  were  identical  for  each  test  case. 

2.  Height  Control 


The  height  control  program  consisted  of  four  studies.  They  were  con¬ 
cerned  with  the  effects  on  flying  qualities  of  (l)  height  velocity  damping, 
Zjj.,  with  effectively  unlimited  thrust,  (2)  the  interaction  between  and 
the  installed  thrust  level,  (3)  thrust  lags  and  delays,  and  (4)  thrust 
available  through  stored  energy.  The  longitudinal,  lateral  and  directional 
characteristics  were  defined  by  the  basic  configurations  and  are  shewn  in 
Table  A- 1.  Pitch,  roll  and  yaw  control  moments  were  effectively  unlimited. 
The  data  obtained  consisted  of  pilot  ratings,  pilot- selected  collective 
control  sensitivities  and  thrust  usage.  The  measured  thrust  usage  was  made 
up  of  that  which  the  pilot  attempted  to  command,  *5C,  and  that  actually 
commanded,  Z^c*<5  c  +  Z^*  w,  where  Z^  is  the  height  damping  resulting  from 
stability  augmentation. 

a.  Effects  of  Height  Velocity  Damping  with  Unlimited  Thrust 

This  study  was  undertaken  primarily  to  provide  more  information  on  the 
minimum  acceptable  level  of  height  velocity  damping,  Z^.  The  MIL-F-83300 
specification  (paragraph  3 .2. 5. 4)  assumes  that  Level  1  flying  qualities  for 
height  control  can  exist  for  Z^  =  0  provided  sufficient  thrust  is  available 
(T/W  >1.10).  A  previous  UARL  study  (Ref.  7)  contains  data  which  indicate 
that  a  level  of  »  -0.5  is  necessary  for  satisfactory  height  control.  A 
secondary  objective  of  the  study  was  to  measure  thrust  usage  data  with 
effectively  unlimited  thrust -to- weight  ratio  (T/w>1.15).  Levels  of  total 
height  damping,  Z^,  ranging  from  0  to  -0.8  were  evaluated  with  configura¬ 
tions  BC1  and  BC4.  The  total  damping  was  assumed  to  consist  of  equal  aero¬ 
dynamic,  Zw  ,  and  stability  augmentation  system  (SAS),  Zw.  components. 
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b.  Interaction  Between  Z^  and  Installed  Thrust  Level 


The  height  control  power  portion  of  ML- F- 83300  (paragraph  3*2. 5*1)  is 
based  on  the  premise  that  increased  height  velocity  damping  reduces  the 
necessary  installed  thrust.  The  study  described  here  was  conducted  to  pro¬ 
vide  more  information  on  this  effect.  Height  control  was  evaluated  with 
configuration  BC1  for  six  or  more  levels  of  2^,,  ranging  from  -0.1  to  -0.5, 
at  each  of  three  installed  thrust-to-weight  ratios  (T/Vf  =  1.02,  1.05,  1.10). 
The  T/W  ratios  considered  are  pertinent  to  the  definition  of  level  boundaries 
for  the  height  control  power  specification.  Generally  was  composed  of 
equal  parts  of  aerodynamic,  Z and  SAS,  Z^,  damping.  However,  the  effects 
of  all  Z^a  or  all  Z^g  were  also  investigated. 

c.  Thmst  legs  and  Delays 


This  investigation  was  designed  to  test  the  specification  for  thrust 
magnitude  control  lags  (paragraph  3.2. 5.2).  First-order  lags  which  result 
in  height  control  response  that  spans  the  Level  1  and  2  requirements  (rh  = 

0.3  and  0.6)  were  evaluated  with  and  without  0.1-sec  delays.  These  lags 
and  delays  affected  both  the  control  and  SAS  thrust  commands.  Configuration 
BC1  was  used  and  several  values  of  Z^,  composed  of  equal  Z^  and  2^s  com¬ 
ponents,  were  simulated  for  each  combination  of  control  lag  and  delay.  Also, 
the  installed  T/W  was  limited  to  1.05  for  this  study. 

d.  Thrust  Available  Through  Stored  Energy 

The  effects  of  incremental  thrust  from  rotor-propulsion  system  stored 
energy  were  investigated  using  configuration  BC1  with  height  control  charac¬ 
teristics  that  were  unsatisfactory  without  stored  energy  (Z^  =  ZWs  =  -0.35? 
T/W  =  1.02).  Two  levels  of  incremental  T/W  representing  momentary  thrust 
increases  of  approximately  15  percent  and  30  percent,  i.e.,  1T/W  =0.13  and 
0.28,  were  evaluated  with  decay  time  constants  of  =  0.05,  0.1  and  0.2  sec. 
Stored  energy  was  simulated  as  described  for  pitch  control  in  Section  II. A. I.e. 

3.  Directional  Control 

The  three  directional  control  studies  investigated  (1)  the  effects  of 
damping  on  flying  qualities  and  control-moment  usage,  (2)  control  lags  and 
delays,  and  (3)  limits  on  the  available  control  moment.  Two  of  the  basic 
configurations  (BC1  and  BC2)  were  used  to  represent  V/STOL  longitudinal  and 
lateral  control  characteristics.  The  height- control  parameters  for  the 
directional  studies  were  as  shown  in  Table  A- I.  ELtch  and  roll  control 
moments  and  thrust-to-weight  ratio  were  effectively  unlimited.  Yaw  control 
moments  were  also  unlimited  unless  noted  otherwise.  Pilot  ratings,  pilot- 
selected  directional  control  sensitivities  and  pitch,  roll  and  yaw  control- 
moment  usage  were  recorded. 
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a. 


Ejects  of  Yaw  Rate  Damping 


This  study  was  conducted  to  provide  additional  information  on  the  rela¬ 
tionship  between  yaw  rate  damping  and  flying  qualities  and  to  obtain  control- 
moment-usage  data.  Yaw  rate  damping  values  which  spanned  the  Level  1,  2  and 
3  specifications  (paragraph  3. 2. 2. 2),  for  directional  damping  (r^  =  -1,  -0.5 
and  0,  respectively)  were  evaluated  for  basic  configurations  BC1  and  BC2. 

For  all.  test  cases  Ny  was  0.005. 

b.  Control  Lags  and  Delays 


The  effects  of  directional  control  lags  and  delays  were  also  investi¬ 
gated  to  provide  results  with  which  to  test  the  control-lag  specification 
(paragraph  3*2.4).  First-order  control  lags  (which  affected  the  pedal 
response  only)  with  time  constants  =  0.3  and  0.6  were  evaluated  with  and 
without  0.1- sec  delays  in  control  response.  These  lag  and  delay  combina¬ 
tions  were  each  evaluated  at  It,  levels  of  -0.5  and  -1.  Only  configuration 
BC1  was  used  in  this  study  and  Ny  remained  0.005. 

c.  Yaw  Control- Moment  Limits 


The  levels  of  yaw  control  moment  necessary  for  satisfactory  directional 
control  were  determined  (l)  to  provide  comparative  results  for  the  MIL-F-83300 
control  power  requirement  (paragraph  3. 2. 3.1)  and.  (2)  to  evaluate  the  hypoth¬ 
esis  that  acceptable  moment  limits  correlate  with  a  level  exceeded  some 
small  percent  of  the  time  for  unlimited  available  moments.  Configuration  BC1 
was  again  used  in  this  stud;/-  and  Ity  remained  0.00?.  The  yaw  control- moment 
limits  considered  were  NCjn  =  0.10,  0.13  and  0.16  and  the  effects  of  -wese 
limits  were  evaluated  for  two  values  of  Nj.,  -0.5  and  -1.0.  'The  smallest 
limit  considered,  NCffl  =  0.10,  was  based  on  yaw  coj.crol-moment  data  measured 
in  the  turbulence  study  (Section  II.A.l.b).  It  was  the  average  level 
exceeded  5  percent  of  the  time  for  the  3.4  ft/sec  rms  turbulence  intensity. 

B.  Description  of  Simulation 

1.  Simulation  of  V/STOL  Aircraft  and  Winds 

The  six- degree- of- freedom  equations  of  motion  for  hovering  and  low-speed 
flight  were  programmed  on  an  analog  computer.  They  were  written  using  a 
body-axis  coordinate  system  and  were  linearized  assuming  small  perturbations 
from  hovering  flight  (Eq.  (F-l) ,  Appendix  F;  Refs.  7  and  8).  Also,  the  angular 
momentum  effects  of  such  spinning  masses  as  propellers  and  jet  engine  rotors 
were  not  considered.  Products  of  inertia  have  also  been  assumed  to  be  neg¬ 
ligible  and,  with  the  exception  of  Ny,  derivatives  which  couple  motion  be¬ 
tween  axes  were  generally  disregarded.  Pitch  and  roll  rate  coupling  and 
control  couplrug  were  examined  in  one  of  the  longitudinal  and  lateral  control 
studies,  however.  The  wind  simulation  consisted  of  a  10  kt  («17  ft/sec) 
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mean  wind  from  the  north  (000  deg  true) ,  and  turbulence  which  was  intro¬ 
duced  along  the  aircraft  x  and  y  body  axes.  Turbulence  was  simulated  by 
passing  the  output  of  a  random  noise  generator,  which  had  a  relatively  uni¬ 
form  low-frequency  power  spectral  distribution,  through  a  first-order  filter 
with  a  break  frequency  of  0.314  rad/nec  (Refs.  7  and  8).  The  simulated  tur¬ 
bulence  then  excited  aircraft  rotational  and  translational  motion  through 
the  aircraft  speed- stability  and  drag  parameters  and  the  yaw- due-to- lateral- 
velocity  parameter  (see  Eq.  (F-l),  Appendix  F).  The  turbulence  intensity  was 
always  equal  in  the  x  and  y  axes,  and,  in  general,  an  rms  level  of  <xu  = 

Oyg  =  3.4  ft/sec  was  used.  With  this  turbulence  intensity,  the  wind  simula¬ 
tion  ms  the  same  as  that  used  for  much  of  the  previous  Norair  study  con¬ 
ducted  under  the  VIFCS  program  (Ref.  9).  Turbulence  intensity  levels  of 
<rUg  =  crv  =  5.8  and  8.2  ft/sec  were  also  considered  in  the  study  of  turbu¬ 
lence  effects. 

2.  Flight  Simulation  and  Display 

Fixed-  and  moving-base  VFR  flight  simnlatioiis  were  used.  For  any  given 
study,  the  moving-base  simulations  were  used  to  check  selected  fixed-base 
data  which  had  been  previously  obtained.  Generally,  about  half  the  test 
cases  in  a  particular  study  were  evaluated  in  the  moving- base  mode.  The 
same  flight  simulator  used  in  the  previous  UARL  VIFCS  studies  (Refs.  7  and 
8)  was  also  used  for  this  program.  A  motion  platform  has  been  added  to  the 
device,  however  (Fig.  2). 

The  simulator  consists  of  a  fully  enclosed,  two-place  Sikorsky  S-6l 
cockpit  with  a  conventional  instrument  panel,  a  contact  analog  display  for 
VFR  flight  simulation,  and  the  six-degree-of-freedom  motion  platform.  The 
control  system  for  this  simulation  was  made  up  of  standard  helicopter  flight 
controls  plus  a  thumb-switch  device  which  could  be  used  to  change  the  longi¬ 
tudinal  thrust- vector  angle  (or  wing-tilt  angle)  and  thereby  trim  the  effects 
of  the  mean  wind  acting  through  the  longitudinal  drag  parameter.  The  display 
(Fig.  3)  is  composed  of  a  ground  grid,  horizon  line,  clouded  sky  and  display 
symbols.  Attitude  and  coarse  position  information  are  obtained  from  the 
motion  of  the  ground  grid,  horizon  and  sky  relative  to  a  cross  symbol  which 
represents  the  nose  of  the  aircraft.  The  cross  may  either  be  the  electronic 
symbol  shown  in  Fig.  3  or  simply  a  marker  physically  attached  to  the  screen 
surface.  For  the  independent  thrust-vector  control  and  height  control 
studies,  the  latter  method  was  used  and  the  electronic  cross  was  moved  to 
the  right  side  of  the  screen  to  indicate  thrust-vector  angle  and  altitude, 
respectively.  Precise  aircraft  position  and  velocity  information  are  ob¬ 
tained  from  the  motion  of  the  square  symbol  which  indicates  a  spot  on  the 
ground.  At  the  reference  havering  altitude  of  40  ft,  the  dimensions  of  the 
contact  analog  screen  represented  a  hover  pad  approximately  130  ft  (longi¬ 
tudinally)  by  150  ft  and  the  square  symbol  an  area  about  9  ft  on  a  side. 
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Simulator  motion  is  provided  by  coordinated  movement  of  the  six  hydraulic 
actuators  on  which  the  cockpit  is  mounted  (Fig.  2) .  The  stroke  position  of 
each  actu/.tor,  commanded  in  response  to  the  simulation  equations  of  motion, 
is  generally  computed  using  hard-wired  analog  circuitry.  A  PDF- 8  digital 
computer  is  used  to  set  control  modes  of  the  motion  platform  and  to  monitor 
system  performance.  The  simulator  motion  capabilities  are  summarized  in 
Table  II.  The  amplitude  of  the  motion-platform  frequency  response  is  flat 
to  beyond  1  Hz  for  each  type  of  angular  (e.g.,  pitch,  roll  or  yaw)  or  linear 
motion.  The  phase  lag  for  each  type  of  motion  is  approximately  30  deg  at 
1  Hz. 


TABLE  II 

FLIGHT  SIMULATOR  ANGULAR  AND  LINEAR  MOTION  LIMITS 


— 

Axis 

Angular  Motion 

Axis 

Linear  Motion 

Atti¬ 

tude, 

deg 

Rate, 

rad/sec 

Acceler¬ 

ation, 

/  2 
rad/ sec 

Posi¬ 

tion, 

ft 

Velo¬ 

city, 

ft/see 

Acceler¬ 

ation, 

g’s 

Pitch 

±45 

±1 

±  1 

Longitudinal 

±5 

±6 

±0.5 

Roll 

±30 

±1 

±1 

Lateral 

±5 

±6 

±0.5 

Yaw 

±45 

±1 

±1 

Vertical 

±2.5 

±6 

±1.0 

The  platform’s  motion  limits  are  too  small  to  permit  duplication  of  all 
low- frequency  aircraft  motion  commanded  by  the  pilot,  especially  the  linear 
displacements.  Consequently,  a  "washout"  logic  has  been  developed  to  selec¬ 
tively  attenuate  motion  commands  which  would  cause  the  simulator  to  exceed 
its  limits  (Appendix  F;  Ref.  11).  This  system  is  based  on  measured  fre¬ 
quency  response  characteristics  of  the  human's  vestibular  system.  It  also 
orients  the  cockpit  relative  to  the  earth's  gravity  field  to  simulate  low- 
frequency  aircraft  linear  accelerations  which  otherwise  could  not  be  repre¬ 
sented.  Several  pilots  have  evaluated  the  motion  system  with  this  was! out 
logic  for  hovering  and  lew- speed  flight  and  have  generally  found  that  it 
provides  a  realistic  representation  of  actual  flight. 

3.  Simulated  Flight  Task 

The  flight  task  performed  during  the  longitudinal  and  lateral  and  the 
directional  control  studies  consisted  of  the  following  subtasks:  vertical 
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takeoff  and  climb  to  a  40-ft  hovering  altitude,  low-speed  maneuvers  (air 
taxi;  MAN,  XM,  YM),  quick  stops  (QS,  XQS,  YQS),  turns- over-a- spot  (TU), 
hover  (HOV),  and  landing.  The  air- taxi  maneuvers  were  conducted  in  both 
longitudinal  anc  lateral  directions  through  simulated  distances  of  ±65  ft 
and  ±  75  ft,  respectively.  The  pilots  followed  a  cross  pattern  while  hold¬ 
ing  heading  constant  (at  000  deg  true)  and  hovered  momentarily  at  the  cardi¬ 
nal  points  of  the  cross.  Airspeeds  were  generally  less  than  20  ft/sec 
during  the  maneuver  task.  The  pilots  next  performed  the  longitudinal  and 
lateral  quick  stops  while  also  holding  heading  at  000  deg  true.  Airspeeds 
were  somewhat  larger  for  the  quick  stops,  and,  of  course,  the  aircraft's 
velocities  were  arrested  more  abruptly  than  for  the  air- taxi  maneuvers.  The 
pilots  next  performed  ±180  deg  turns  while  maintaining  hover  position  and 
this  was  followed  by  a  60-sec  precision  hover  at  the  center  of  the  simulated 
hover  pad.  The  pilots  then  landed  the  aircraft. 

The  turn- over- a- spot  subtask  was  deleted  for  the  height  control  study 
and  a  landing  sequence  (l£>)  subtask  was  performed  after  the  hover.  The 
landing  sequence  consisted  of  relatively  rapid  changes  in  hovering  altitude 
from  40  ft  to  20  ft  and  back  to  40  ft.  This  was  followed  by  a  vertical 
landing. 

4.  Pilots 

The  two  UARL  evaluation  pilots  were  the  same  pilots  A  and  B  who  partic¬ 
ipated  in  the  pre-lous  VIFCS  studies  conducted  at  UARL  (Refs.  7  and  8). 

Both  are  licensed  private  pilots  who  have  flown  a  variety  of  fixed-wing 
aircraft  and  one  has  had  limited  helicopter  experience.  They  also  have  each 
accumulated  several  hundred  hours  evaluation  time  on  the  flight  simulator. 

For  each  study  in  this  program  pilot  B  generally  evaluated  all  the  fixed- 
base  test  cases  end  pilot  A  approximately  half  of  them.  These  ratios  were 
reversed  for  the  height  control  studies,  however.  Only  pilot  B  performed 
moving- base  evaluations. 

Two  Calspan  test  pilots  also  participated  at  different  times  in  the 
UARL  program.  Each  has  extensive  experience  in  both  helicopters  and  v/STOL 
aircraft.  Eleven  moving- base  simulator  shifts  of  at  least  4  hours  duration 
each  were  set  aside  for  Calspan  use.  Results  from  the  Calspan  evaluations 
are  shewn  only  for  Calspan  pilot  B  in  this  report. 

5.  Comparative  Results  from  UARL  and  Norair  Simulations 

The  UARL  flight  simulation  was  designed  to  correspond  with  that  used 
by  Norair  in  their  previous  VIFCS  program  (Ref.  9)  and  thereby  provide  com¬ 
parable  results.  An  indication  of  the  success  of  this  effort  can  be  obtained 
by  comparing  pilot  ratings  for  similar  test  cases  from  the  two  simulations. 
Comparable  longitudinal  and  lateral  control  rating  data  for  the  six  UARL 
basic  configurations  are  shown  in  Fig.  4  and  Table  III.  The  UARL  fixed- base 
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data  are  averaged  over  two  pilots  and  the  moving-base  results  are  for  pilot  B 
only.  The  Norair  ratings  for  each  case  have  been  averaged  over  several  pilots. 
In  general,  the  ratings  from  the  two  programs  agree  relatively  well,  generally 
differing  by  only  about  one  unit  or  less.  Note,  however,  that  only  for  con¬ 
figuration  BC1  were  the  Norair  and  UARL  test  cases  completely  identical.  The 
comparable  longitudinal  stability  derivatives  were  always  quite  similar  but 
the  lateral  derivatives  were  generally  not. 

C.  Data Analysis 


1.  Reduction  of  Experimental  Data 


a.  Flying  Qualities  Results 


Pilot  ratings  and  comments  were  obtained  for  each  test  case.  Corres¬ 
ponding  pilot- selected  control  sensitivities  were  also  recorded.  For  some 
of  the  test  cases,  however,  control  sensitivities  were  preset  at  acceptable 
levels  to  save  time.  The  pilot  ratings  were  based  on  the  Cooper-Harper 
scale  (Table  IV)  and  the  pilots'  comments  consisted  of  responses  to  the  appro¬ 
priate  parts  of  the  questionnaire  shown  in  Table  V.  The  rating  scale  and 
questionnaire  are  very  similar  to  those  used  in  the  Norair  VIFCS  program 
(Ref,  9).  For  presentation  in  the  figures  the  UARL  fixed- base  rating  data 
and  control  sensitivity  results  were  each  averaged  over  pilots  A  and  B.  The 
corresponding  moving-base  data  from  pilot  B  are  shown  separately.  Also, 
Calspan  pilot  evaluation  results  were  nerver  averaged  with  the  UARL  data. 
Except  for  height  and  directional  control,  the  Calspan  pilots  did  not  reach 
the  level  of  control  proficiency  on  the  UAC  simulator  which  is  necessary  to 
provide  valid  flying  qualities  data.  This  should  not  be  interpreted  as  a 
reflection  on  the  capabilities  of  the  Calspan  evaluation  pilots  who  were 
both  highly  skilled  in  the  control  of  V/STOL  aircraft.  Rather,  the  inabil¬ 
ity  to  become  proficient,  in  the  somewhat  limited  time  available  for  Calspan 
pilot  training,  was  a  result  of  the  complex  nature  of  the  UAC  contact  analog 
display  (Fig.  3) .  This  display  does  not  provide  a  great  deal  of  visual 
realism  and  in  order  to  control  properly  one  must  rely  on  the  relative  motion 
between  the  cross  and  square  symbols.  The  Calspan  pilots  did  not  learn  to 
’lead"  their  control  inputs  properly  using  this  relative  motion  information. 
They  also  tended  to  make  control  inputs  of  the  wrong  polarity,  because  it 
was  difficult  for  them  to  determine  the  proper  correlation  between  the 
symbol  relative  motion  and  the  required  control  input.  Valid  flying  quali¬ 
ties  data  can  be  obtained  with  the  UAC  display,  however,  for  evaluation 
pilots  who  are  familiar  with  its  characteristics  (e.g.,  Refs.  7,  8,  and  12). 
For  such  pilots,  the  UAC  display  can  provide  visual  cues  (except  for  periph¬ 
eral  information)  which  are  similar  to  those  in  actual  VFR  flight,  and  in 
some  aspects  possibly  better  than  VFR  cues  (Ref.  7)  • 
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TABLE  IV 


COOPER- HARPER  PILOT  RATING  SCALE 


AOEQUACV  FOR  SELECTED  TASK  OS 
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All  the  rating  and  control  sensitivity  data  for  the  UARL  pilots  are 
summarized  in  Appendix  A  and  the  corresponding  pilot  comments  axe  contained 
in  Appendix  B.  Similar  results  from  Calspan  pilot  B  are  presented  in 
Appendix  D. 


h.  Control  Power  Data 


The  total  pitch,  roll,  1^,  and  yaw,  Nc,  control  moments  (pilot  con¬ 
trol  inputs  plus  that  from  the  rate  damping  and  attitude  stabilization 
derivatives,  i.e.,  the  stability  augmentation  system  commands)  were  measured 
for  each  test  case  in  the  longitudinal  and  lateral  control  and  the  direc¬ 
tional  control  investigations.  Pitch  control  moment  and  thrust-usage  data 
were  measured  during  the  height  control  study.  A  representative  schematic 
showing  the  point  at  which  the  pitch  control-moraent-usage  data  were  measured 
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UARL  FLYING  QUALITIES  QUESTIONNAIRE 
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Ability  to  initiate  and  hold  turn  rate 
Ability  to  stop  on  preselected  heading 
Comment  on  use  of  wing-tilt  control. 


is  .shown  in  Sketch  II-G.  Control  moment  for  roll  and  yaw  control  and  thrust 
usage  for  heignt  control  were  measured  at  corresponding  points  in  the  appro¬ 
priate  control  loop.  These  control  power  data  were  recorded  on  an  FM  tape 


Point  at  Which 
Mcaent  Usage 
Measured 


SKETCH  II-G.  Representative  (Pitch)  Aircraft  Control  Loop 
Showing  Point  at  Which  Control- Moment  Usage 
was  Measured 

recorder.  Control  power  usage  for  the  experiments  in  which  effectively  un- 
limited  control  power  was  available  was  characterized  by  the  percent  time 
given  moment  levels  were  exceeded  for  a  particular  subtask.  For  those 
investigations  in  which  control  power  was  limited,  the  percent  time  that 
total  control  power  commands  exceeded  these  limits  was  of  interest.  The 
exceedance  percentages  were  computed  off-line  from  the  recorded  control 
power  data  using  an  analog  computer.  Exceedance  computations  were  performed 
on  the  magnitudes  of  the  pitch,  roll  and  yaw  control  moment  data;  |  Mgl, 

I  I'd,  |NC|,  respectively,  and  the  combined  pitch  and  roll  moment  results, 

| Mq |  +  |LC|,  from  the  longitudinal  and  lateral  studies  and  from  the  directional 
control  investigations.  As  indicated  oy  the  relationship  (jM^|  +  | Lc| )  the 
exceedance  percentages  for  the  combined  pitch  and  roll  signal  were  performed 
on  the  sum  of  the  magnitudes  of  total  pitch  and  roll  control  moments.  For 
the  height  control  data,  the  exceedance  computations  were  performed  on  |l^| 
and  on  the  negative  or  "up"  collective  part  of  V«5c  and  Z5c-  ac  +  Zws-  w. 

It  was  felt  that  exceedance  percentages  computed  from  the  thrust  used  to 
ascend  or  arrest  sink  rates  would  be  more  significant  tban  percentages  based 
on  both  positive  and  negative  thrust  usage  about  the  trim  level  (T/W  =  1.0). 

Representative  plots  of  exceedance  results  are  shewn  in  Fig.  5.  There 
the  percent  time  that  IMqI,  |  Lc|  and  |Mc i  +  jl^j  exceed  the  given  reference 
levels  are  shown  with  subtask  as  a  parameter.  These  data  are  for  one  pilot 
and  are  plotted  on  a  probability  grid.  For  the  type  of  plots  in  Fig.  5,  a 


23 


straight  line  indicates  that  the  data  can  be  characterized  by  a  Gaussian 
probability  distribution.  There  is  some  tendency  for  the  curves  from  the 
hover  and  turn  subtasks  to  exhibit  this  characteristic. 

To  simplify  the  task  of  evaluating  the  effects  of  a  variety  of  aircraft 
and  task  parameter  changes  on  control  power  usage,  the  control  power  level 
exceeded  5  percent  of  the  time  was  chosen  for  comparison.  The  5-percent 
level  was  selected  because  it  is  generally  near  the  upper  limit  of  control 
power  used  by  the  pilot  and  would  presumably  be  related  to  the  required 
installed  power.  A  previous  UARL  study  showed  some  evidence  to  support  this 
assumption  (Ref.  13).  On  the  other  hand,  it  is  not  such  a  small  percentile 
that  it  would  be  an  unreliable  indicator  of  overall  control  power  usage.  The 
data  in  Fig.  5*  for  example,  indicate  that  if  the  5- percent  level  is  used  to 
rank  the  subtasks  as  to  control- moment  usage,  the  results  are  consistent 
with  the  trends  evident  over  all  percentiles.  However,  the  5-percent  level 
should  be  more  sensitive  to  parameter  changes  than  larger  percentile  levels. 

The  5-pereent  level  results  presented  in  this  report  were  averaged  over 
the  two  pilots  participating  in  the  study  and  over  both  moving-  and  fixed-base 
data  to  provide  the  largest  possible  data  sample  for  a  given  test  point. 
Averaging  the  moving-  and  fixed- base  data  appeared  to  be  valid  since  the 
differences  in  these  two  types  of  data  were  less  than  the  inter-pilot  varia¬ 
tion.  That  is,  there  was  generally  no  dramatic  difference  between  fixed- 
and  moving-base  data.  Representative  results  which  support  this  conclusion 
are  shown  in  Fig.  6. 

2.  Analytical  Investigations  to  Interpret  the  Data 


Two  types  of  analytical  efforts  were  undertaken  to  interpret  and 
rationalize  the  experimental  results.  One  involved  converting  the  param¬ 
eters  in  MIL-F-83300  which  specify  satisfactory  V/STOL  response  into  func¬ 
tions  which  could  readily  be  compared  with  the  UARL  flying  qualities  and 
control  power  data.  The  computations  were  performed  to  permit  evaluation 
of  the  MIL-F-83300  requirements  for  control  sensitivities,  control  power 
and  satisfactory  levels  of  control  lags  and  delays. 

The  second  type  of  analytical  investigation  was  man-machine  analysis  of 
the  different  control  loops  (longitudinal,  lateral,  height  and  directional) 
closed  by  the  pilot  when  controlling  a  V/STOL  aircraft.  The  results  of 
these  analyses  were  used  to  select  parameters  to  be  considered  in  the  experi¬ 
mental  studies  and  to  interpret  pilot  opinion  data  in  terms  of  the  pilot 
lead  and  gain  compensation  required.  The  closed-loop  models  and  analytical 
techniques  used  here  are  discussed  in  detail  in  previous  UARL  reports  (e.g., 
Refs.  7,  8  and  14) . 
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SECTION  III 


RESULTS  OF  LONGITUDINAL  AND  LATERAL  CONTROL  STUDIES 


This  section  consists  of  two  parts  in  which  the  results  of  the  longitu¬ 
dinal  and  lateral  control  studies  are  discussed.  Part  A  is  concerned  with 
flying  qualities  data  and  Part  B  with  control -moment  usage  data.  Details  of 
the  experimental  design,  the  equipment  and  procedures  and  other  background 
material  are  given  in  Section  II. 

A.  Flying  Qualities  Results 

Pile*  ratings  and  pilot-selected  control  sensitivities  from  the  studies 
of  (l)  turbulence,  (2)  control  lags  and  delays,  (3)  control  moment  limits, 

(4)  control  moments  through  stored  energy,  (5)  inter-axis  motion  coupling, 

(6)  thrust -vector  control  independent  of  attitude,  and  (7)  rate -command /atti¬ 
tude-hold  control  are  discussed  here.  The  data  are  interpreted  using  man- 
machine  analysis  methods  and,  where  appropriate,  are  compared  with  MIL-F-83300. 

1.  Turbulence 


a.  Pilot  Ratings 

The  flying  qualities  of  the  six  basic  configurations  were  each  evaluated 
at  three  turbulence  intensities  (crUg  =  o-Vg  =  3.4,  5.8  and  8.2  ft/sec)  to 
determine  the  sensitivity  of  representative  Level  1,  2  and  3  V/STOL  aircraft 
to  changes  in  turbulence  intensity.  Pilot  ratings  from  these  evaluations 
(Cases  T1  through  Tl8,  Table  A-Il)  are  presented  in  Fig.  7.  The  pilots  were 
not  aware  of  the  turbulence  intensity  level  present  for  a  given  test  case.  As 
might  be  expected,  the  ratings  generally  deteriorated  as  gust  intensity 
increased.  However,  it  appears  that  the  rate  of  deterioration  may  have  been 
greater  for  configurations  with  the  less  stable  (Levels  2  and  3)  dynamics. 

For  example,  there  was  no  degradation  in  ratings  for  the  Level  1  configura¬ 
tions  as  rms  turbulence  intensity  was  increased  from  3.4  to  5.8  ft/sec.  A 
general  increase  in  rating  for  the  Level  1  configurations  is  evident,  however, 
at  the  8.2-ft/sec  intensity,  although  the  ratings  all  remain  in  the  acceptable 
region  (Fig.  7(a)).  A  much  more  definite  deterioration  in  ratings  is  evident 
for  the  Level  2  and  3  configurations,  especially  for  the  change  in  turbulence 
intensity  from  3.4  to  5.8  ft /sec. 

The  degradation  in  rating  is  shown  more  clearly  in  Fig.  8  where  it  is 
plotted  versus  configuration  flying  qualities  level,  with  the  change  in  turbu¬ 
lence  intensity  treated  as  a  parameter.  The  degradation  in  fixed -base  ratings 
for  Level  2  and  3  configurations  is  much  greater  than  that  for  Level  1  config¬ 
urations  over  the  turbulence  intensity  interval  3.4  to  5.8  ft/sec.  Except  for 
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BC4,  which  is  Level  1  but  relatively  responsive  to  gusts,  this  trend  is  also 
evident  (to  a  lesser  extent)  for  the  intensity  interval  3.4  to  8.2  ft/sec. 
There  is  not  sufficient  moving  base  data  to  permit  a  complete  comparison 
between  levels.  However,  over  the  turbulence  interval  3*4  to  8.2  ft/sec,  the 
degradation  in  moving -base  ratings  for  Level  1  configurations  BG1  and  BC4  is 
less  than  the  corresponding  fixed -base  degradation.  The  mtving-base  degrada¬ 
tion  for  BC5  is  greater  than  its  fixed-base  counterpart  but  still  smaller 
than  the  fixed-base  degradation  for  the  Level  2  and  3  configurations.  In 
summary,  the  pilot  rating  data  would  tend  to  indicate  (but  by  no  means 
confirm)  that  the  MIL-F-83300  Level  1  requirement  for  V/STOL  pitch,  roll  and 
yaw  dynamic  response  (paragraph  3.2.2)  provides  aircraft  dynamics  which 
remain  quite  controllable  for  nominal  increases  in  turbulence  intensity. 

The  iating  data  can  be  interpreted  by  considering  the  aircraft  attitude 
and  position  response  to  turbulence  and  the  phase  lags  of  the  attitude  dynam¬ 
ics  at  frequencies  critical  to  pilot  control.  It  has  been  shown  (Refs.  7  and 
8)  that  pilot  rating  is  related  to  both  the  workload  involved  in  suppressing 
turbulence  and  the  lead  compensation  he  must  supply  to  provide  good  closed- 
loop  attitude  characteristics.  This  lead  compensation  is  inversely  dependent 
on  the  attitude  phase  lags  over  the  frequency  interval  from  about  1  to  4 
rad/sec  (Refs.  7  and  14).  The  frequency  domain  characteristics  of  the  open- 
loop  attitude  and  position  response  to  turbulence  for  the  six  basic  config¬ 
urations  are  shown  in  Figs.  9  and  10.  The  phase  lags  contributed  by  the  pilot 
and  the  open -loop  attitude  dynamics  for  these  configurations  are  presented  in 
Fig.  11.  The  pilot's  lags  are  assumed  to  consist  of  a  pure  delay  of  0.09  sec 
in  combination  with  a  first-order  lag  having  a  0.2-sec  time  constant  (Refs.  7 
and  14).  An  examination  of  the  phase  lag  and  turbulence  response  curves  will 
indicate  why  the  Level  1  configurations  BC1  and  BC5,  and  to  a  lesser  extent, 
EC1’,  have  generally  better  flying  qualities  and  are  less  affected  by  turbu¬ 
lence  than  the  Level  2  and  3  configurations.  The  phase  lags  (Fig.  11 )  for 
BC1,  BC4  and  BC5  are  all  appreciably  smaller  than  those  for  the  Level  2  and  3 
configurations  over  the  critical  frequencies  (cu  =  1.5  to  4  rad/sec,  Fig.  11). 
This  indicates  that  the  pilot  need  supply  less  lead  compensation  to  provide 
good  attitude  control  characteristics.  Also,  the  normalized  open-loop  attitude 
and  positj on  power  spectral  densities  for  BC1  and  BC5  are  appreciably  smaller 
than  those  for  the  Level  2  and  3  configurations.  The  power  spectral  densities 
for  BC4,  the  remaining  Level  1  configuration,  are  comparable  to  those  for  BC2, 
BC3  and  BC6  over  the  lower  frequencies  but  are  smaller  at  the  higher  frequen¬ 
cies  which  are  more  difficult  for  the  pilot  to  suppress.  Consequently,  the 
opinion  ratings  for  BC4  might  be  expected  to  exhibit  a  somewhat  smaller 
sensitivity  to  gust  intensity  than  BC2,  BC3  and  BC6. 
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b .  Control  Sensitivities 


Longitudinal  and  lateral  control  sensitivity  data  are  shown  in  Figs .  12 
and  13,  respectively.  For  most  of  the  six  configurations,  the  longitudinal 
control  sensitivities,  Mge,  tend  to  increase  with  turbulence  intensity.  This 
trend  reflects  the  pilot’s  requirement  for  more  rapid  attitude  and  position 
responses  to  control  inputs  as  he  tried  to  maintain  performance  in  the 
presence  of  increasing  gust  disturbances.  For  some  of  the  configurations 
(BC4,  BC5  and  BC6)  the  lateral  control  sensitivities  (Fig.  13)  tend  to 
increase  with  turbulence  intensity,  but  this  trend  is  not  consistent  for  all 
configurations.  In  fact,  the  control  sensitivities  selected  for  BC3  tend  to 
decrease  slightly  for  the  larger  gusts.  Such  inconsistencies  are  not 
unexpected,  since  previous  studies  have  shown  that  a  fairly  broad  range  of 
control  sensitivities  are ‘acceptable  to  most  pilots  (Refs.  7  and  9).  Figures 
12  and  13  also  contain  boundaries  for  the  maximum  and  minimum  control  sensi¬ 
tivities  permitted  under  the  MEL-F-83300  specification  for  aircraft  attitude 
response  to  control  inputs  (paragraph  3. 2 .3.2).  These  sensitivity  boundaries 
were  back-calculated  using  the  attitude  response  specifications  and  the  known 
aircraft  dynamics.  It  is  apparent  from  the  distance  between  these  boundaries 
that  the  specification  permits  appreciable  latitude  in  the  installed  v/STOL 
pitch  and  roll  sensitivities.  The  values  of  Mge  and  Lga  selected  by  the  UARL 
pilots  generally  fall  within  these  boundaries,  but  are  much  closer  to  the 
minimum  acceptable  level  than  the  maximum.  In  fact,  for  the  Level  1  config¬ 
urations  (BC1,  BC4  and  BC5),  most  of  the  lateral  control  sensitivities  are 
somewhat  below  the  lower  boundary.  Larger  minimum  values  are  required  by 
M1L-F -83300  for  lateral  control  sensitivities  than  longitudinal,  assuming 
the  pitch  and  roll  dynamics  are  symmetrical.  In  studies  at  UARL,  however, 

Lga  has  generally  been  found  to  be  smaller  than  Mge  (Refs.  7  and  8). 

2.  Control  Lags  and  Delays 
a.  Pilot  Opinion  Ratings 

Pilot  rating  data  from  the  three  parts  of  the  control  lag  and  delay 
investigation  are  discussed  in  the  following  order:  (l)  first-order  control 
lags,  (2)  first-order  control  lags  in  combination  with  a  0.1-sec  delay,  and 
(3)  second-order  control  lags.  The  test  cases  evaluated  in  these  studies  were 
LL1-LL27  and  results  of  the  evaluations  are  summarized  in  Table  A-III 
(Appendix  A). 

The  effects  of  the  first-order  control  lags  on  ratings  are  shown  in 
Fig.  14.  These  lags  affected  only  the  pilot's  control  stick  commands  and  not 
the  SAS  inputs.  Also,  the  lags  were  identical  for  both  pitch  and  roll.  As 
might  be  expected,  the  ratings  generally  deteriorated  as  the  lag  time  con¬ 
stant,  re  =  r&}  increased.  However,  the  sensitivity  of  a  given  configura¬ 
tion's  flying  qualities  to  the  lag  time  constant  appeared  to  correlate  with 
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the  flying  qualities  level  (without  lags)  of  the  configuration.  For  example, 
most  of  the  ratings  for  the  Level  1  configurations  at  re  =  r&  =  0.6  sec  were 
within  one  unit  of  the  ratings  given  for  no  lags.  The  Level  2  and  3  config¬ 
urations  generally  show  a  noticeable  deterioration  in  rating  at  re  =  ra  =  0.3 
sec.  The  degradation  in  rating  is  plotted  versus  flying  qualities  level  in 
Fig.  15  with  the  change  in  lag  time  constant  as  a  parameter.  There  is 
considerable  scatter  in  these  results,  but  the  fixed-base  data  generally  show 
that  the  degradation  in  rating  was  greater  for  the  Level  2  and  3  configura¬ 
tions. 

The  Level  1  configurations  should  be  somewhat  less  sensitive  to  control 
lags.  The  primary  effect  of  the  control  lags  is  to  introduce  phase  lags 
(Fig.  16)  which  increase  the  need  for  pilot  lead  compensation.  They  do  not 
affect  the  aircraft  response  to  turbulence.  The  Level  1  configurations 
require  little  lead  compensation  without  lags  because  their  open-loop  phase 
lag  is  small  (Fig.  ll).  Pilots  will  tolerate  nominal  requirements  for  lead 
compensation  without  a  significant  change  in  rating  (Refs.  7  and  14).  Conse¬ 
quently,  the  ratings  for  Level  1  configurations  do  not  change  appreciably 
until  the  lag  time  constant  reaches  a  relatively  large  value  (e.g.,  rg  =  ra  = 
0.6).  However,  for  the  Level  2  and  3  configurations  the  requirements  for 
pilot  compensation  are  at  a  relatively  high  level  with  no  lags  (Fig.  ll).  In 
this  situation  the  pilots  appear  to  be  more  sensitive  to  the  increased  lead 
requirements,  possibly  because  it  is  more  difficult  to  supply  the  needed 
increment.  Note  that  the  magnitude  characteristics  of  the  basic  configura¬ 
tion-lag  combination,  which  will  not  be  discussed  here,  may  also  affect  pilot 
opinion  (Refs.  l4  and  15). 

The  specifications  for  pitch  and  roll  control  system  lags  can  be 
evaluated  using  the  pilot  rating  data  in  Fig.  14.  The  specification  (para¬ 
graph  3.2.4)  is  based  on  the  time  it  takes  aircraft  attitude  to  reach  the 
initial  maximum  angular  acceleration,  tg'^y  and  t^max,  after  the  initiation  of 
the  control  command.  If  these  times  are  less  than  C.3  sec  the  attitude  dynam¬ 
ics  are  considered  satisfactory.  Values  of  these  times  have  been  computed 
with  re  =  ra  =  o.l,  0.3,  and  0.6  sec  for  each  of  configurations  BC1,  BC4  and 
BC5  ana  they  are  summarized  in  Table  VI  along  with  the  associated  pilot 
rati'.js.  These  results  show  that  the  specification  permits  a  re  =  ra  =  0.3 
sec  for  the  configurations  evaluated;  these  cases  were  also  generally  rated 
satisfactory.  The  specification  would  preclude  =  ra  =0.6  sec  although  the 
fixed-base  ratings  remained  marginally  satisfactory  for  these  cases.  However, 
the  moving-base  ratings  for  the  first-order  control  lag  evaluation  were 
generally  worse  than  the  fixed-base  results.  Consequently,  it  would  appear 
that  excluding  control  lags  much  greater  than  =  r&  =  0.3  sec,  as  the 
specification  does,  is  prudent. 
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TABLE  VI 


COMPARISON  BETWEEN  PILOT  OPINION  RATINGS  Af^  THE 
MIL-F-83300  REQUIREMENT  POR  ACCEPTABLE  ATTITUIE  CONTROL  LAGS 


Basic 
Conf . 

Lag  Time 
Constant, 

T  -  T 

e  ~  V 

sec 

Time  to  Max. 
Acceleration, 

"k&nax 

^max’ 

sec 

Average  Pilot  Rating 

Fixed  Base 

Mode 

Moving- Base 
Made 

0.1 

0.19 

2 

BCl 

0.3 

0.31 

2.75 

0.6 

0.38 

2.5 

5.5 

0.1 

0.15 

2 

3-5 

BC4 

0.3 

0.29 

2.75 

5 

0.6 

0.46 

3.5 

0.1 

0.18 

2 

BC5 

0.3 

0.30 

2 

0.6 

0.38 

3.5 

3 

The  effects  of  adding  a  O.l-sec  time  delay  in  pitch  and  roll  response  for 
Level  1  and  2  configurations  (level  designation  applies  for  no  lags  or  delays) 
are  shown  in  Table  VII.  Such  delays  also  increase  the  requirements  for  pilot 
adapted  lead  compensation  by  increasing  the  phase  lags  in  the  attitude  re¬ 
sponse  to  control  inputs.  However,  as  indicated  in  Fig.  16,  a  O.l-sec  delay 
contributes  relatively  small  phase  lags  over  the  frequency  range  (~1  to  4 
rad/sec)  most  critical  to  pilot  control  of  attitude.  Time  delays  greater 
than  0.1  sec  were  not  considered  since  the  specification  (paragraph  3*2.4) 
excludes  them.  In  this  study  the  time  delays  (de  =  da)  were  added  separately 
and  in  combination  with  first-order  lags  (re  =  ra)  having  0.3-sec  time  con¬ 
stants.  For  one  of  the  cases  (indicated  by  the  superscript  2  in  Table  VII ) 
the  time  delays  and  lags  affected  both  the  pilot's  control  inputs  and  the  SAS 
commands.  For  all  other  cases  the  time  delays  and  lags  operated  only  on  the 
control  input.  For  the  Level  1  configuration  (BCl)  the  O.l-sec  time  delays 
in  the  pilot's  pitch  and  roll  control  inputs  had  little  effect  on  pilot 
rating,  whether  or  not  the  0.3-sec  lags  were  also  present.  For  example, 
adding  de  =  da  =0.1  sec  with  re  =  ra  =  0  did  not  change  the  pilot's  rating 
(PR  =  2  for  both  cases).  Also,  adding  de  =  da  =  0.1  with  re  =  r&  =0.3 
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TABLE  VII 


EFFECTS  OF  TIME  DELAYS  AND  CONTROL  SYSTEM  LAGS  ON  PILOT  RATINGS 
BC1  is  Level  1  and  BC2  is  Level  2  Without  Lags  and  Delays 


Basic 

Conf . 

Lag  Time 
Constant, 

Te  -  V 

see 

Time 

Delay 

de  -  V 
sec 

Ratings  from  Pilot  B 
for  Fixed- Base  Mode 

0 

0 

2 

0 

0.1 

2 

BC11 

0.3  ' 

0 

2.5 

0.3 

0.1 

3 

0.32 

0.12 

82 

0 

0 

5 

BC21 

0 

0.1 

5 

0.3 

0 

5 

0.3 

0.1 

7 

1,  Symmetrical  configurations  -  lateral  derivative  has  same  value  as 
corresponding  longitudinal  derivative;  pitch  and  roll  lags  and 
delays  equal. 

2.  For  this  case  the  lag  and  delay  operated  on  both  the  control  input 
and  the  SAS  command.  For  all  the  other  cases  only  the  control  input 
was  affected. 


resulted  in  a  pilot  rating  deterioration  of  only  0.5  units  relative  to  the 
rating  with  only  the  0.3 -sec  lags.  However,  the  results  in  Table  VII  show  a 
dramatic  change  in  rating  when  the  lags  and  delays  were  relocated  so  that  they 
affected  both  the  control  and  SAS  commands  (PR  =  8  versus  PR  =  3)«  In  this 
case,  the  stability  augmentation  was  much  less  effective  and,  as  a  result,  the 
configuration  was  very  difficult  to  control.  The  pilot's  chief  complaint 
(Case  LL25,  Table  B-II,  Appendix  B)  was  that  large  pitch  oscillations 
developed;  it  was  nearly  impossible  to  damp  them  and  stabilize  pitch  attitude. 
The  results  for  the  Level  2  configuration  (BC2)  also  snow  little  change  when 
de  =  da  =0.1  were  added  with  re  =  ra  =  0  sec.  However,  when  the  same  delays 
were  added  to  BC2  with  t&  =0.3  the  associated  pilot  rating  was  two 
units  worse  than  for  the  lags  without  the  delays  (PR  =  7  versus  PR  =  5)* 

Note,  however,  that  the  rating  for  the  lags  alone  was  somewhat  better  than 
would  be  expected.  That  is,  it  is  the  same  rating  (PR  =  5)  as  was  assigned 
to  BC2  with  neither  lags  nor  delays  present  in  the  control  response.  The 
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results  in  Table  VII,  although  limited,  would  tend  to  indicate  that  0.1-sec 
delays  in  the  pilot's  pitch  and  roll  control  responses  are  acceptable,  at 
least  for  Level  1  configurations.  That  is,  the  specification  (paragraph 
3.2.4)  which  permits  delays  in  the  pitch  or  roll  attitude  response  to  control 
inputs  of  up  to  0.1  sec,  appears  to  be  reasonable. 

Second -order  lags  were  also  evaluated  during  this  study  to  provide  some 
information  on  the  generality  of  the  MIL-F-83300  specification  for  control 
lags.  The  specification  is  based  on  the  results  of  studies  with  first-order 
control  lags;  however,  because  it  is  phrased  in  terms  of  an  angular  accelera¬ 
tion  response  which  must  be  achieved  within  a  reference  time  interval,  it  may 
also  apply  to  more  general  lags.  Four  sets  of  parameters  for  the  second -order 
lag  were  evaluated  =  ^na  =  3*33  rad/sec  with  £e  =  £a  =  0.22,  0.50,  and 
1.0  and  <ung  =  a>na  =  8.23  with  £e  =  £a  =  1.0).  Aq  for  the  first-order  lag 
study  the  lags  only  affected  the  pilot 1 s  control  response  and  they  were 
identical  in  pitch  and  roll.  The  initial  combination  of  parameters  was 
selected  to  have  the  same  break  frequency  (a>n  =  3*33)  as  that  for  an  accept¬ 
able  first-order  lag  (l/re  =  wng  where  Te  =  0.3).  The  damping  ratio,  £e  =  £a, 
was  adjusted  to  give  the  same  phase  lag  as  that  from  the  first-order  lag  in 
the  region  of  the  pilot's  crossover  frequency  (<uc  =  2.5  to  3  rad/sec;  see 
Refs.  8  and  3.4).  Consequently,  the  lead  compensation  requirements  for  the  two 
lags  would  be  similar.  However,  the  nature  of  the  control  stick  response 
would  be  quite  different  because  of  the  lightly  damped  (£e  =  £a  =0.22)  oscil¬ 
lations  present  for  the  second-order  lag.  The  magnitude  and  phase  character¬ 
istics  of  the  open -loop  pilot  and  attitude  dynamics,  without  pilot  lead  or 
gain  compensation,  are  shown  in  Fig.  17. 

Results  from  the  evaluation  of  second-order  lags  with  configuration  BC1 
(Fig.  18)  show  that  the  combination  of  parameters  (  £=  0.22,  =3.33) 

selected  for  equivalence  with  re  =  tb  =0.3  resulted  in  a  pilot  rating  of  10. 
Pilot  comments  indicated  that  the  oscillatory  pitch  and  roll  motion  was 
completely  unacceptable.  The  ratings  improved  with  increased  damping  ratio, 
but  a  satisfactory  rating  was  not  obtained  even  with  £e  =  =  1.0.  Here  the 

oscillatory  dynamics  were  not  a  problem,  but  lead  compensation  was  reeded  to 
compensate  the  phase  lags.  Pilot  rating  was  satisfactory  for  this  damping 
ratio,  however,  with  the  larger  natural  frequency,  cone  =  wna  =  8.23  rad/sec. 
The  attitude  phase  lags  in  the  region  of  pilot  crossover  frequency  (2.5  to 
3.5  rad/sec)  were  somewhat  smaller  with  these  parameters.  The  pilot  rating 
results  from  Fig.  18  are  compared  with  tg'mav  =  1 '$®ax  values  computed  for  the 
second -order  lag  test  cases  in  the  following  tabulation: 


'r^,  rad/sec 

^max  ^max 

PR 

3.33 

0.22 

0.63 

10 

3.33 

0.50 

0.58 

7 

3.33 

1.0 

0.55 

4 

8.23 

1.0 

0.33 

3 

31 


raKBin 


mmMm 


The  only  case  rated  satisfactory  also  had  a  time  to  maximum  angular 
acceleration  which  was  nearly  equal  (0.33  sec)  to  that  required  by  the 
specification  (0.30  sec).  However,  tffmay  =  was  almost  twice  the 

specification  value  (0.55  sec)  at  (t)n&  =  =  3.33  rad/sec  and  £e  =  £a  =  1*0 

for  a  test  case  rated  marginally  satisfactory  (PR  =  4).  These  very  limited 
results  indicate,  then,  that  the  control  lag  specification  may  not  be  suffi¬ 
ciently  general  to  apply  to  second-order  control  lags. 

b.  Control  Sensitivities 

Longitudinal  and  lateral  control  sensitivities  from  the  investigation  of 
first-order  control  lags  are  presented  in  Figs.  19  and  20,  respectively.  It 
might  be  expected  that  pilot -selected  control  sensitivities  would  increase 
somewhat  with  lag  time  constants  since  the  lags  result  in  slower  attitude 
response.  For  the  longitudinal  sensitivities,  Mge,  there  is  little  evidence 
of  this  except  possibly  for  configuration  BC3  (Fig.  19).  The  lateral  sensi¬ 
tivities,  Lga,  exhibit  some  tendency  to  increase  with  ra  and,  again,  this 
effect  is  more  pronounced  for  BC3 .  Configuration  BC3  is  Level  3  and  very 
difficult  to  control  as  the  lags  become  larger.  The  pilots  may  have  increased 
sensitivity  in  an  attempt  to  more  quickly  attenuate  the  large  attitude  excur¬ 
sions  which  tended  to  develop  for  re  =  t&  =  0.3  and  0.6  sec. 

Boundary  values  for  acceptable  minimum  and  maximum  longitudinal  and 
lateral  control  sensitivities  developed  from  the  ivIEL-F-83300  specification 
for  attitude  control  response  (paragraph  3 .2. 3*2)  are  shown  for  the  Level  1 
configurations  in  Table  VIII.  Both  the  minimum  and  maximum  boundaries 
increase  with  re  -  Ta  because  the  specification  is  written  in  terms  of  an 
acceptable  response  after  a  given  time  period.  Because  the  lags  slow  the 
attitude  control  response,  the  sensitivities  must  increase  to  satisfy  the 
specification.  For  the  small  lag  time  constants  the  pilot -selected  lateral 
and  longitudinal  sensitivities  are  close  to  the  specification’s  lower 
boundaries  (Mge  and  Lg  are  averages  of  fixed-  and  moving-base  data).  For  the 
larger  time  constants  the  sensitivities  fall  below  the  minimum  boundaries. 

Note  also  that  the  maximum  sensitivity  boundaries  are  very  much  larger  than 
the  TJARL  selected  values.  It  my  be  appropriate  to  lower  the  minimum  bound¬ 
aries  somewhat  and  it  would  seem  that  the  maximum  boundaries  also  could  be 
reduced.  The  maximum  allowable  sensitivities  would,  in  general,  result  in 
extremely  "touchy"  aircraft  pitch  and  roll  response  to  control  inputs  and 
could  cause  the  pilot  to  overcontrol. 


TABLE  VIII 


COMPARISON  OF  AVERAGED  LONGITUDINAL  AND  LATERAL  CONTROL  SENSITIVITIES 
FROM  THE  CONTROL  LAG  STUDY  WITH  THE  MIL-F-833OO  REQUIREMENTS 


Basic 

Conf. 

Lag  Time 

Constant, 

r  =  r  , 
e  a’ 

sec 

UARL 

Mr 

MIL- F- 83300 

Mr  Boundaries 

Oq 

UARL 

L<Sa 

MIL-F- 83300 

Lr  Boundaries 
°a 

Min. 

tfex. 

Min. 

Max. 

0 

0.291 

0.233 

1.560 

0.271 

Hi 

1.560 

BC1 

0.1 

0.303 

0.261 

1.740 

0.244 

HSl 

1.174 

0.3 

0.311 

0.342 

2.278 

0.223 

mfm 

2.278 

0.6 

0.372 

0.490 

3.268 

0.312 

mm 

3.268 

0 

0.342 

mm 

1.721 

0.302 

— 

0.344 

1.721 

Bc4 

0.1 

o.4o4 

K£f 

1.940 

0.334 

0.388 

1.940 

0.3 

0.403 

mEM 

2.561 

0.321 

0.512 

2.561 

0.6 

0.412 

mm 

3.683 

0.384 

0.737 

3.683 

0 

0.293 

Eggl 

1.560 

0.243 

0.312 

1.740 

■d/'ic 

0.1 

0.304 

1.738 

0.241 

0.348 

1.738 

I5w 

0.3 

0.283 

mm 

2.288 

0.220 

0.458 

2.288 

0.6 

0.324 

EH 

3.263 

0.301 

0.635 

3.263 

3.  Control  Moment  Limits. 

In  this  study  the  installed  control  moments  required  for  pilot  acceptance 
were  determined  for  several  of  the  basic  configurations  (BC1,  BC4,  BC5  and 
BC6)„  The  correlation  between  the  requirements  for  control  moment  and  the 
levels  exceeded  some  given  small  percent  of  the  time  with  unlimited  moment 
available,  i.e.,  the  5-percent  level,  was  also  examined.  This  study  was 
performed  with  and  without  control  system  lags  and  delays.  Also,  the  pilots 
were  not  aware  of  the  control -moment  limits  except  as  they  affected  flying 
qualities.  Results  from  this  study  are  listed  for  Cases  LM1-LM25  in  Table 
A -IV  in  Appendix  A. 

The  effects  of  control -moment  limits  on  pilot  rating  of  the  flying 
qualities  of  configuration*.  BC1,  BC4,  BC5  and  BC6  are  presented  in  Fig.  21. 

The  reference  limits  or  starting  points  for  the  installed  control -moment 
levels  (pitch,  roll,  and  yaw)  were  averages  of  those  levels  exceeded  5  percent 
of  the  time  (CM5)  with  unlimited  moment  available  (see  Section  III.B.l.d). 
These  averages  were  computed  over  all  subtasks,  pilots  and  modes  of  simulator 
operation  (fixed-  and  moving-base).  The  control -moment  limits  for  the  remain¬ 
ing  test  cases  were  obtained  by  increasing  (or  decreasing)  the  reference 
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levels  by  integral  multiples  of  10  percent.  Also,  the  limits  were  applied 
to  the  total  control  moment  available  for  -both  control  inputs  and  the  SAS 
commands.  Note  that  CM5  is  different  for  each  configuration  and  its  magni¬ 
tude  scales  approximately  with  the  configuration's  speed -stability  parameters 
(see  Table  C-I,  Appendix  C). 

Only  for  configuration  BC5  did  control -moment  limits  equal  to  the 
average  5-percent  exceedance  level,  CM5,  result  in  ratings  equivalent  to  those 
of  unlimited  moments  (Fig.  21).  Configuration  BC5  is  a  very  stable.  Level  1 
configuration  with  little  response  to  turbulence.  For  configuration  BC1, 
which  is  identical  to  BC5  except  that  its  drag  parameters  are  one -fourth  as 
large,  control  •moment  limits  at  least  1.2  times  the  reference  CM5  level  were 
needed  to  obtain  ratings  equivalent  to  those  for  unlimited  moments.  For  the 
configurations  which  were  more  responsive  to  turbulence  (BC4)  or  both  less 
stable  and  more  response  to  turbulence  (BC6),  control -moment  limits  of  1.3 
times  the  CM5  levels  were  required  for  equivalent  ratings.  For  all  the 
configurations  examined,  a  deficiency  in  control  moment  was  most  evident  as 
a  momentary  inability  to  control  pitch,  and  to  a  lesser  extent  roll,  when 
performing  the  maneuver  and  quick-stop  subtasks.  Pilot  comments  indicated 
that  the  limits  on  yaw  control  moment  did  not  affect  flying  qualities. 

Table  IX  contains  a  comparison  between  the  control -moment  limits  found 
to  be  necessary  for  pilot  acceptance  in  this  study  and  the  control -moment 


TABLE  IX 

COMPARISON  OF  UARL  ACCEPTABLE  CONTROL-MOMENT 
LIMITS  WITH  MIL-F-83300  REQUIREMENTS 


Control 

Installed  Control  Moment, 

rad/ sec2 

Conf. 

Moment 

Pitch, 

Roll, 

Yaw, 

Source 

Me 

m 

**m 

Ncm 

BC1 

■  UARL 

o.4o 

0.46 

0.13 

MIL-F-83300 

0.57 

0.47 

0.31 

BC4 

UARL 

1.07 

0.79 

0.23 

MIL-F-83300 

1.26 

0.81 

0.31 

BC5 

UARL 

0.38 

0.36 

0.15 

MIL-F-83300 

0.57 

0.48 

0.31 

BC6 

UARL 

1.16 

0.98 

0.22 

MIL-F-83300 

1.18 

0.71 

0.31 
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requirements  in  MEL-F-83300.  The  control  moment  specification  (paragraph 
3. 2 .3.1)  stipulates  that  sufficient  control  moment  must  remain  at  the  maneu¬ 
vering  airspeed  to  simultaneously  produce  aircraft  pitch,  roll,  and  yaw 
attitude  changes  of  *3  deg,  -4  deg,  and  *6  deg,  respectively,  within  one 
second.  The  specification  values  shown  in  Table  IX  were  computed  assuming 
longitudinal  and  lateral  maneuvering  speeds  equivalent  to  those  used  in  the 
UARL  task  (  «*  15  ft/sec).  Combining  these  airspeeds  with  the  mean  wind 
increases  the  effective  longitudinal  airspeed  to  «  32  ft/sec.  For  the  UARL 
simulation,  then,  the  aircraft  must  have  sufficient  pitching  moment,  Mem,  to 
trim  the  32"ft/sec  airspeed  and  also  to  provide  the  -3  deg  pitch  change 
within  one  second.  The  roll,  LCm,  and  yaw,  NCm,  moments  need  only  be  suffi¬ 
cient  to  trim  the  15-ft/sec  lateral  airspeed  and  provide  the  required  attitude 
changes  (-4  deg  and  -6  deg,  respectively). 

The  results  in  Table  IX  show  that  for  all  the  Level  1  configurations 
(BC1,  BC4,  BC5)  the  pitch  and  roll  control -moment  requirements  from 
MEL-F-83300  equalled  or  exceeded  those  found  to  be  necessary  in  the  UARL 
study.  For  BC6,  a  Level  2  configuration  which  is  quite  responsive  to  gusts, 
the  specif icaui on  value  for  LClll  was  about  20  percent  low.  However,  the  UARL 
level  for  Mcm  agrees  well  with  the  corresponding  MIL-F-83300  value.  Also,  all 
of  the  specification  levels  for  NCm  were  well  in  excess  of  the  UARL  results. 

It  would  appear  from  these  relatively  limited  data  that  the  MEL-F-83300 
require! tent  for  pitch  and  roll  control  moments  is  adequate.  However,  the  yaw 
control -moment  requirement  seems  somewhat  excessive.  Pilots  never  noticed  a 
deficiency  in  yaw  control  moments  during  the  UARL  study  even  for  levels  of 
NCm  considerably  lower  than  the  UARL  data  shown  in  Table  IX.  Limitations  on 
pitch  and  roll  control  moment  were  predominant  in  the  formation  of  rating. 

The  MIL-F-83300  yaw  control -moment  requirement  is  discussed  in  more  detail  in 
Section  V.A.3. 

It  was  pointed  out  previously  that  another  objective  of  this  study  was 
to  determine  whether  the  required  levels  for  installed  control  moments 
correlated  with  the  percent  time  given  pitch  and  roll  moment  levels  were 
exceeded  with  unlimited  moments  available.  In  particular  it  was  thought  that 
the  5-percent  exceedance  level  might  be  sufficient.  The  results  in  Fig.  21 
do  not  appear  to  substantiate  such  an  hypothesis.  However,  it  may  be  that 
the  maximum  of  the  5- percent  exceedance  levels  measured  for  the  different  sub- 
tasks  should  have  been  used  for  CM5  instead  of  the  average  over  al3  subtasks. 
These  maximum  values,  averaged  over  both  pilots  and  fixed-  and  moving-base 
simulator  modes  (Table  C-I,  Appendix  C),  are  listed  in  Table  X  along  with  the 
pitch  and  roll  moment  levels  necessary  for  pilot  ratings  approximately  equiv¬ 
alent  to  these  for  unlimited  control  moment  (Fig.  21 ). 
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TABLE  X 


COMPARISON  OF  MAXIMUM  FIVE- PERCENT  EXCEEDANCE  MOMENT 
LEVELS  USED  FOR  ANY  SUBIASK  WITH  ACCEPTABLE  LIMITS 
ON  INSTALLED  ROLL  AND  PITCH  CONTROL  MOMENTS 


Basic 

Control 

Maximum 

Acceptable 

Conf . 

Moment 

5- Percent  Level 

Moment  Level 

0.34 

0.43 

BC1 

Lc 

0.45 

0.50 

0.45 

0.38 

BC5 

h 

0.50 

0.36 

bc4 

0.9  0 

1.07 

Lc 

0.62 

0.78 

bc6 

0.93 

1.16 

Lc 

0.94 

0.98 

The  results  in  Table  X  show  chat  only  for  configuration  BC5  were  the 
maximum  5-percent  exceedance  moment  levels  equal  to  or  greater  than  those 
levels  which  were  acceptable  to  the  pilot.  It  appears,  then,  that  the  5“ 
percent  exceedance  level,  whether  it  is  composed  of  the  average  over  all  sub¬ 
tasks  or  the  maximum  for  any  subtask,  does  not  provide  acceptable  levels  of 
installed  control  moment.  If  configuration  BC5  is  considered  an  anomaly,  the 
fact  that  control -moment  levels  of  1.2  to  1.3  times  CM^  were  acceptable  may 
imply  that  a  lower -percentile  exceedance  level,  e.g..  the  1  to  2  percent 
level,  would  provide  acceptable  installed  control  moments.  Results  related 
to  this  possibility  are  discussed  in  Section  III.B.2. 

The  control -moment  requirements  with  control  system  first-order  lags 
(Te  =  t&  =0.3  and  0.6)  and  delays  (de  =  da  =0.1  for  all  test  cases)  were 
also  evaluated  in  this  study  for  configurations  BC1  and  BC5.  The  procedures 
used  and  moment  levels  considered  were  identical  to  those  for  the  evaluation 
of  control -moment  limits  without  lags.  The  effects  of  the  control  lags  can 
be  seen  in  Fig.  22.  The  necessary  control -moment  levels  were  increased  by 
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the  control  lags  and  delay.  For  example,  control -moment  levels  for  BC1 
equal  to  1.4  CM5  were  required  with  Te  =  ra  =  0.3  and  0.6  and  de  =  da  =  0.1 
for  ratings  equivalent  to  those  with  unlimited  control  moments.  Control 
moments  equal  to  only  1.2  CM5  were  sufficient  for  BC1  without  lags  and  delay 
(Fig.  21).  For  configuration  BC5,  1.2  CM5  was  required  with  re  =  t£  =  0.6  and 
de  =  da  =  0*1*  Without  the  lags  and  delays  the  corresponding  required  moment 
levels  were  equal  to  1.0  CM5 ,  The  control -moment  specification  (paragraph 
3.2 .3.1)  will  account  for  the  additional  control  moments  required  with  control 
system  lags  and  delays.  It  is  stated  in  terms  of  minimum  attitude  responses 
within  a  certain  time  and,  consequently,  requires  more  installed  control 
moments  when  control  lags  or  delays  are  present.  It  should  be  noted,  however, 
that  the  control  moments  required  by  MIL-F-83300  for  no  lags  are  generally 
equal  to  or  greater  than  the  UARL  levels  necessary  with  lags  and  delays.  This 
is  illustrated  in  the  following  list. 

MIL-F-83300  UARL  Acceptable 


Basic 

Conf. 

Without  Lags 

Me 

With  Lag3 

Lcm 

Nc 

_2hl 

BC1 

0.57 

0.47 

0.31 

0.47 

0.54 

0.16 

BC5 

0.57 

0.48 

0.31 

0.46 

0.44 

0.18 

Only  Lcm  for  configuration  BC1  from  the  UARL  study  is  slightly  greater  than 
its  MIL-F-83300  counterpart.  If  the  control  moment  specification  for  LCm  is 
computed  with  t&  =  0.3  under  the  airspeed  conditions  discussed  previously,  the 
MIL-F-83300  requirement  for  Lcm  becomes  0.62  rad/sec2,  an  increase  of  about 
35  percent.  If  the  0.1  sec  delay  was  also  considered  the  percentage  increase 
would  be  even  greater.  For  ra  =  0.6  the  corresponding  level  for  LCm  is  0.8l. 
In  fact,  the  specification  control  moment  requirement  for  control  systems  with 
acceptable  lags  may  be  excessive.  For  example,  a  control  lag  of  0.3  sec  is 
permissible  under  MIL-F-83300  for  both  configurations  BC1  and  BC5.  However, 
such  a  lag  will  increase  the  specification  control  moment  requirements  by 
approximately  35  percent  to  levels  which  are  much  greater  than  those  the  UARL 
results  would  indicate  are  necessary. 

4.  Incremental  Control  Moment  Through  Stored  Energy 

For  this  study  the  pilot  could  command  a  pitch  control  moment  (stored 
energy  effects  were  not  simulated  for  roll)  greater  than  the  installed  or 
continuously  available  total  moment.  It  was  assumed  that  this  additional 
moment  was  provided  by  converting  angular  momentum  from  a  rotor -propulsion 
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system  into  an  increment  which  decayed  with  time  (as  the  angular  momentum 
was  dissipated).  A  more  detailed  discussion  of  this  effect  and  a  description 
of  the  simulation  procedures  used  are  given  in  Section  II.B.l.e.  Representa¬ 
tive  values  for  the  present  increment  and  the  rpm  decay  (and  recovery)  time, 

determined  from  an  analysis  of  XC-142  propulsion  system  data  are  AMc  =  0.3  Man 

and  t^=  0.05  to  0.10  sec.  Vo1 res  for  of  0.2  may  be  possible  for  heli¬ 
copters.  Cases  LS1-LS3  were  .  U'uated  for  the  stored  energy  investigation  and 
flying  qualities  results  are  su^aarized  in  Table  A-V  in  Appendix  A. 

The  results  in  Fig.  23  were  obtained  using  values  for  Mcm  which  resulted 
in  flying  qualities  that  were  significantly  worse  than  those  for  unlimited 
control  moments.  The  effects  of  stored  energy  were  then  evaluated  for  dif¬ 
ferent  combinations  of  AMg  and  .  Data  are  presented  for  basic  configura¬ 
tions  BC1,  BC4,  BC5  and  BC6  (ldCm  was  different  for  each).  Some  general 

improvement  in  opinion  is  evident  in  Fig.  23  for  AMq  =  0.30  Mcm  and  = 
0.10.  Definite  improvement  is  evident  for  all  configurations  with  =  0.20, 
although  the  ratings  are  poorer  than  for  unlimited  pitch  control  moment. 

Note  that  for  AMc  =0*50  and  =  0.20  the  flying  qualities  of  BC1  are 
rated  equal  to  those  for  unlimited  pitch  control  moment. 

Time  histories  of  Me,  the  total  pitch  control  moment,  which  shew  the 
effects  of  stored  energy  are  presented  in  Fig.  24.  These  results  were 
measured  for  the  maneuvering  subtask  with  configuration  BC1  and  Mcm  =  O.36. 

The  stored  energy  parameters  considered  are  AMc  =  0.3  Mcm  (0.11  rad/sec2) 
with  =  0.1  and  0.2  sec  and  AMc  =  0.5  Mcm  (0.l8  rad/sec2)  with  =  0.2 
sec.  These  are  the  parameters  used  with  BC1  to  provide  the  pilot  ratings 
shown  in  Fig.  23.  The  stored  energy  contribution  is  evident  in  Fig.  24  as  a 
peak  which  decays  relatively  quickly  to  the  Mcm  level.  Note  that  there  is  a 
reduction  in  the  amount  of  time  that  the  control  moment  is  limited  as  the 
contribution  from  stored  energy  is  increased. 

5.  Inter -Axis  Motion  Coupling 
a.  Pilot  Ratings 

Attitude  rate  coupling  (Mp,  Lq)  and  control  coupling  (Mga,  Lge)  were 
evaluated  to  determine  acceptable  limits  for  such  effects  (Cases  LC1-LC8, 

Table  A-VI,  Appendix  A).  A  related  objective  was  to  determine  whether  changes 
to  MEL-F -83300  are  needed  to  account  for  motion  coupling.  Background  infor¬ 
mation  on  this  study  is  contained  in  Section  II.B.l.f.  Results  from  the 
evaluation  of  motion  coupling  are  shown  in  Fig.  25.  Pilot  ratings  and  con¬ 
trol  sensitivities  are  plotted  there  versus  the  level  of  rate  coupling  with 
control  coupling  shown  as  a  parameter.  Configurations  BCI  and  BC2  were 
evaluated.  For  most  of  the  results  the  coupling  effects  were  additive.  For 
example,  a  positive  pitch  control  input  yields  a  positive  pitch  rate  and 
since  both  La  and  Lge  were  negative,  the  induced  rolling  moment  was  also 
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negative.  For  one  test  case  coefficients  having  signs  which  resulted  in 
cancelling  moments  (Lq  <  0,  Lge  >  0  and  lip  >  0,  Mga<  0)  were  also  evaluated. 
Note  that  the  pitch  and  roll  rate  coupling  levels  were  always  equal  as  were 
the  values  for  longitudinal  and  lateral  control  coupling. 

Pilot  rating  showed  a  significant,  consistent  deterioration  with  rate 
coupling  (Fig.  25(a)).  There  were  no  threshold  effects  evident  in  pilot 
rating  as  control  coupling  was  changed  from  zero  to  Mp  =  -Lq  =  2.  That  is, 
this  level  of  coupling  brought  about  a  deterioration  in  rating  of  2  units  and 
the  trend  continued  as  rate  coupling  was  increased.  Without  rate  coupling, 
control  coupling  ratios  up  to  Mga/Lga  =  "Lge/Mge  =0.5  brought  about  only  a 
1  unit  decrement  in  rating  (a  value  of  0.5  indicates  a  large  amount  of  con¬ 
trol  coupling).  As  rate  coupling  was  added  the  increase  in  rating  (deterio¬ 
ration)  caused  by  control  coupling  also  became  somewhat  larger.  It  appears 
from  Fig.  25(a)  that  a  control  coupling  ratio  of  0.25  could  be  expected  to 
produce  a  0.5  to  1  unit  deterioration  in  rating  while  a  ratio  of  0.5  results 
in  a  1  to  1.5  unit  increase.  The  deterioration  in  rating  for  configuration 
BC2  caused  by  Mp  =  -Lq  =  2  and  Mga/Lga  =  -Lge/Mge  =  0.25  was  equivalent  to 
that  for  BC1  with  the  same  coupling  parameters.  Also,  no  change  in  rating 
occurred  for  BC2  when  the  signs  of  Mga  and  Lge  were  changed  such  that  the 
rate  and  control  coupling  compensated  somewhat  for  each  other. 

Attitude  rate  coupling  appeared  to  have  a  greater  effect  on  rating  than 
control  coupling  for  the  levels  considered  in  this  study.  The  results  in 
Fig.  25(a)  would  tend  to  indicate  that  MIL-F-83300  should  restrict  rate 
coupling  to  magnitudes  less  than  about  1  per  sec.  Also,  control  coupling 
ratios  greater  than  about  0.25  should  not  be  permitted. 

b.  Control  Sensitivities 


Both  the  longitudinal  and  lateral  control  sensitivities  generally  tended 
to  increase  with  rate  coupling  (Figs.  25(b)  and  25(c)).  The  pilots  apparently 
felt  they  needed  a  more  rapid  attitude  response  to  control  the  coupling 
motion.  Also,  the  control  sensitivities  for  the  0.5  control  coupling  ratio 
were  slightly  larger  than  those  for  no  control  coupling.  However,  as  indica¬ 
ted  by  the  MIL-F-83300  reference  lines  (Fig.  25(b)),  the  longitudinal  control 
sensitivities  for  BC1  are  within  the  specification  (the  maximum  boundary  is 
well  above  the  limits  of  the  plot's  ordinate  scale).  Also,  the  minimum  bound¬ 
ary  for  BC2  is  even  lower  than  that  for  BC1  (not  shown).  The  lateral  BC1 
sensitivities  (Fig.  25(c))  for  low  rate  coupling  are  somewhat  lower  than  the 
minimum  boundaries.  However,  the  pilots  would  have  had  no  difficulty  con¬ 
trolling  with  sensitivities  corresponding  to  the  specification  minimums.  The 
effect  of  rate  and  control  coupling  on  control  sensitivities  is  not  specifi¬ 
cally  accounted  for  by  the  MIL-F- 83300  paragraph  on  response  to  control  inputs 
(paragraph  3 .2. 3 .2).  However,  the  range  of  sensitivities  permitted  by 
MIL-F-83300  is  sufficiently  large  that  the  increase  in  Mgo  and  Lga  caused  by 
control  coupling  does  not  result  in  their  exceeding  the  upper  boundary. 


6.  Independent  Thrust-Vector  Control 

Pilot  ratings  from  the  evaluation  of  longitudinal  thrust -vector  control 
independent  of  aircraft  pitch  attitude  (ITVC)  are  shown  in  Fig.  26  and 
summarized  under  Cases  LI1-LI15  in  Table  A-VII  in  Appendix  A.  Lateral  ITVC 
was  not  considered.  The  pilots  were  instructed  to  rate  aircraft  flying 
qualities  based  on  their  ability  to  perforin  longitudinal -position  control 
tasks  using  thrust-vector -angle  rotation  with  a  minimum  of  pitch -attitude 
changes.  Note  that  for  the  other  parts  of  the  UAKL  program  the  pilots  could 
change  the  thrust  vector  to  offset  the  effects  of  the  mean  wind  acting 
through  the  longitudinal  drag  parameter.  However,  he  was  not  permitted  to  use 
it  for  general  position  control.  For  the  ITVC  evaluation  he  was  required  to 
attempt  to  control  longitudinal  position  exclusively  with  thrust -vector -angle 
rotation. 

Two  Level  1  configurations  (BC1,  BC4)  and  a  Level  2  configuration  (BC2) 
were  evaluated  with  ITVC. 

For  configuration  BC1,  with  thumb-switch  thrust -vector  control  and 
control -stick  pitch  control  and  the  thrust-vector  angle  displayed  on  the 
contact  analog  (Fig.  26(a)),  the  best  ratings  obtained  were  nearly  as  good  as 
those  for  conventional  thrust -vector  control  through  attitude  changes  (PR  = 

2  tp  2.5  for  BC1  with  conventional  control).  The  pilots  did  not  find  it 
difficult  to  control  aircraft  position  with  the  bhrust -vector  angle  while 
regulating  attitude.  The  lack  of  extensive  experience  with  ITVC  may  have  been 
the  major  reason  for  the  slightly  poorer  ratings  compared  with  those  for  con¬ 
ventional  control. 

Pilot  B  also  evaluated  ITVC  (thumb -switch  thrust -vector  control)  for 
configuration  BC1  with  only  an  instrument -panel  display  of  thrust-vector 
angle.  For  this  case  his  rating  was  somewhat  poorer  because  alternating  his 
attention  between  the  contact  analog  and  the  thrust -vector -angle  panel  display 
increased  the  difficulty  of  the  control  task.  With  the  thrust-vector  angle 
on  the  contact  analog  (the  cross  symbol  moved  vertically  on  the  right  side  of 
the  screen  to  indicate  angle)  the  pilot  could  derive  both  longitudinal  posi¬ 
tion  and  thrust -vector -angle  information  simultaneously.  It  should  be  noted 
that  a  thrust -vector -angle  display  was  essential  to  the  performance  of  the 
longitudinal  maneuvering  task.  Without  such  a  display  longitudinal  position 
could  not  be  stabilized.  The  pilots  apparently  controlled  thrust -vector 
angle  as  an  inner  loop  and  aircraft  position  as  an  outer  loop.  This  is 
similar  to  closure  of  the  pitch -attitude  loop  as  an  inner  loop  for  conven¬ 
tional  V/STOL  aircraft  control  systems  (Ref.  8). 
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For  configuration  BC4  the  best  pilot  ratings  for  ITVC  with  thumb-switch 
thrust -vector  control  (PR  ~  4  for  1/  =  20  deg/sec,  Fig.  26(a))  were  slightly 
poorer  than  those  for  conventional  control  (PR  =  3  to  3.5).  Configuration 
BC4  (a  high-drag  configuration)  is  Level  1  but  more  responsive  to  gusts.  The 
larger  position  ’isturbances  associated  with  BC4  appear  to  be  the  reason  that 
the  best  overall  ratings  for  this  configuration  were  assigned  with  ?  =  20 
deg/sec.  Rapid  thrust -vector  angle  rates  were  needed  to  control  position. 

For  BC2,  the  Level  2  configuration  (with  conventional  control),  the  best 
rating  for  thumb-switch  ITVC  (PR  =  4)  was  slightly  better  than  that  for  con¬ 
ventional  attitude  control  (PR  =  4.5  to  5)-  Configuration  BC2  is  Level  2 
because  of  its  lightly  danced  attitude  dynamics.  It  may  be  that  control  of 
this  configuration  was  improved  with  ITVC,  because  it  was  not  necessary  to 
change  attitude  to  move  the  aircraft  longitudinally.  As  a  result,  attitude 
motion  was  not  excited  to  the  extent  that  it  was  for  the  conventional  control 
system  and  the  pilot's  workload  may  have  been  reduced. 

Results  from  the  evaluation  of  stick  thrust -vector -angle  control  and 
thumb-switch  attitude  control  are  shown  in  Fig.  26(b).  The  thrust -vector - 
angle  change  per  inch  of  stick  input  (or  sensitivity)  was  varied  in  this 
study,  but  the  rate -of -change  of  pitching  moment  from  the  thumb  switch  was 
fixed  at  a  predetermined  satisfactory  value.  A  0.1-sec  lag  in  thrust-vector- 
angle  response  was  also  simulated.  For  configuration  BC1  this  method  of  ITVC 
was  satisfactory  (Fig.  26(b)),  i.e.,  ratings  were  similar  to  those  for  thumb- 
switch  thrust -vector  control.  Recall  that  BC1  has  very  stable  attitude 
dynamics  and  little  attitude  or  position  response  to  turbulence.  However, 
configuration  BC4  could  not  be  controlled  with  the  stick  ITVC  and  thumb -switch 
attitude  control  system.  This  was  due  to  the  difficulty  in  controlling 
attitude  with  the  thumb  switch  for  this  gust  sensitive  configuration.  The 
pilot  could  not  pay  the  necessary  attention  to  attitude  control  and  still 
control  position  with  ITVC.  The  result  was  eventual  loss  of  control.  The 
same  comments  apply  to  this  type  of  control  for  configuration  BC2. 

The  UARL  evaluation  of  thrust -vector  control  independent  of  aircraft 
attitude  indicates  that  it  could  be  an  acceptable  substitute  for  conventional 
attitude  control,  when  properly  implemented.  For  large  aircraft  with  Level  1 
dynamics  the  use  of  ITVC  should  provide  satisfactory  flying  qualities  while 
enabling  the  pilot  to  avoid  pitch  (or  roll)  attitudes  that  could  lead  to 
ground  strikes.  For  aircraft  having  large  drag  parameters  (Xu,  Yv)  ITVC 
would  also  enable  the  pilots  to  control  position  without  the  large  attitude 
angles  that  result  for  such  aircraft  with  conventional  position  control 
through  attitude.  However,  the  results  from  this  study  for  an  aircraft  with 
large  drag  parameter  (BC4,  Xu  =  Yv  =  -0.2)  indicate  that  position  control 
for  such  aircraft  remains  moderately  difficult  even  with  ITVC. 
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Rate-Command/Attitude-Hold  Control 


The  attributes  of  rate -command/attitude -hold  control  are  that  it 
(l)  provides  a  pitch  (roll)  rate  response  proportional  to  pilot;  stick 
commands,  and  (2)  maintains  aircraft  trim  attitudes  while  enabling  the  pilot 
to  center  his  control  stick  (see  Section  II.B.l.h.  for  background).  Rate- 
command/attitude  -hold  control  can  be  developed  with  a  conventional  rate  and 
attitude  stabilized  V/STOL,  by  inserting  an  integration  between  the  pilot's 
control  inputs  and  the  aircraft  attitude  response.  However,  to  provide 
satisfactory  flying  qualities  the  rate  damping  and  attitude  stabilization 
must  be  increased  to  offset  the  phase  lag  introduced  by  the  integrator.  This 
can  be  accomplished  by  increasing  the  damping  ratio,  £  ,  of  the  aircraft’s 
oscillatory  roots  (with  rate  damping)  and  increasing  the  natural  frequency, 
ii>n,  of  these  roots  (with  attitude  stabilization)  beyond  the  attitude-loop 
crossover  frequency  (ft>c  «  2.5  to  3-5  rad/sec,  Ref.  8).  Representative  effects 
of  changes  in  £  and  &>n  on  the  magnitude  and  phase  characteristics  of  the 
open-loop  pilot-pitch  attitude  (with  no  pilot  compensation)  transfer  function 
are  shown  in  Fig.  27.  These  results  show  that  increasing  wR  reduces  the 
phase  lags  near  the  crossover  frequencies  o>c  «  2.5  to  3-5  rad/sec  (and, 
correspondingly,  the  pilot  lead  compensation)  more  than  increasing  £  .  Cases 
LR1-LR15  were  evaluated  in  this  study.  Flying  qualities  results  for  the 
case  are  listed  in  Table  A-VIII  in  Appendix  A. 

a.  Pilot  Ratings 

The  pilot  ratings  in  Fig.  28  for  a  configuration  having  the  basic  air¬ 
frame  dynamics  (i.e.,  speed  stabilities  and  drag  parameters)  of  BC1  show  the 
effects  of  both  £  and  <wn  for  rate -command/attitude -hold  control.  Ratings 
are  shown  in  Fig.  28(a)  for  «n  =  2.80,  3.44,  6.30  and  7.4o  rad/sec.  Again, 
the  pitch  and  roll  dynamic  characteristics  were  identical.  Several  values  of 
£  were  considered  for <un  =  2.8  and  6.3.  The  data  in  Fig.  28(a)  indicate  that 
f or <yn  in  the  region  of  the  pitch-  and  roll -loop  crossover  frequencies,  e.g., 
<wn  =  2.80  and  3*44,  satisfactory  ratings  cannot  be  achieved  even  with  £ 
values  approaching  1.0.  However,  for  «n  2  6.3  satisfactory  ratings  resulted 
for  £  values  of  0.5  and  possibly  lower.  Configuration  BC4  was  evaluated  with 
two  natural  frequency  values  (<yR  =  4  and  5  rad/sec)  different  from  those  for 
BC1  to  provide  a  relatively  complete  map  of  the  effects  of  natural  frequency. 
There  is  a  significant  difference  between  the  moving-  and  fixed-base  data  for 
BC4,  but,  again,  ratings  are  better  for  the  larger  <yn.  It  appears,  also,  that 
damping  ratios  in  the  neighborhood  of  0.7  are  probably  necessary  to  insure 
satisfactory  flying  qualities  for  these  wn  values.  A  rate-command/attitude- 
hold  control  system  was  also  evaluated  for  hover  and  low -speed  flight  in  a 
previous  Boeing  study  (Ref.  16).  In  that  study  an  o)n  of  5  rad/sec  with  £  = 
0.9  resulted  in  good  ratings  for  lateral  flying  qualities  (PR  =  2  to  3  for 
the  optimum  control  sensitivity)  and  unsatisfactory  ratings  were  obtained  for 
<un  =  2.5  rad/sec  with  £  =  0.9.  These  results  agree  fairly  wel]  with  the 
UARL  data. 
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Although  the  UARL  pilots  rated  a  number  of  the  rate -command/attitude - 
hold  test  cases  satisfactory  (LR4,  LR6,  LR8  and  LR15,  Table  A-VIII,  in 
Appendix  A)  their  comments  indicate  that  it  provided  no  particular  benefits 
for  hover  and  low -speed  flight  operation.  For  this  type  of  flight  the  pilots 
did  not  hold  given  aircraft  pitch  and  roll  attitudes  sufficiently  long  to 
appreciate  the  fact  that  trim  attitudes  could  be  maintained  with  the  stick 
centered.  Also,  the  UARL  study  was  conducted  without  stick  centering  forces 
and  small  offsets  from  the  stick  null  position  resulted  in  attitude  errors 
when  the  pilots  attention  was  diverted  elsewhere.  Finally,  it  should  be 
noted  that  the  dynamic  response  portion  of  MIL-F -83300  (paragraph  3 .2. 2.1) 
which  stipulates  the  pitch  and  roll  dynamics  necessary  for  satisfactory 
flying  qualities  does  not  apply  to  rate -command/attitude -hold  control.  This 
paragraph  excludes  pitch  and  roll  dynamics  having  an  aperiodic  root  at  the 
origin  and  admits  oscillatory  dynamics  with  £  =  0.3>  providing  wn  is  2  1.1 
rad/sec.  The  data  from  the  UARL  study  show  that  rate -command/attitude -hold 
systems  are  acceptable,  although  they  have  an  aperiodic  root  at  the  origin. 
However  for  them  to  be  acceptable,  their  &>n  must  be  much  greater  than  1.1 
rad/sec  if  £  is  only  0.3.  Of  course,  it  was  not  intended  that  MIL-F -83300 
should  necessarily  apply  to  rate -command/attitude -hold  systems. 

b.  Control  Sensitivities 


Longitudinal  and  lateral  control  sensitivities  from  the  rate -command/ 
attitude-hold  study  are  shewn  in  Fig.  29.  The  control  sensitivities  increase 
with  o)n  but  do  not  show  well-defined  trends  with  £  .  The  increases  in  Mge 
and  Lga  with  <an  are  to  be  expected,  since" larger  sensitivities  are  needed  to 
offset  the  restoring  moments  resulting  from  this  large  "spring  constant". 
Upper  and  lower  boundary  yalues  for  control  sensitivity,  computed  from  the 
MIL-F-83300  requirements  for  control  response,  are  shown  in  Fig.  29.  Two 
sets  of  boundary  levels,  corresponding  to  two  different  values  of  &)n,  are 
shown  for  each  of  the  configurations  (BC1  and  BC4)  evaluated.  All  of  the 
sensitivities  affected  by  the  boundary  limits  shown  lie  within  the  acceptable 
region. 


8.  Effect  of  Motion  on  Pilot  Ratirgs  for  Longitudinal 
and  Lateral  Control 

The  results  of  a  comparison  of  pilot  ratings  for  longitudinal  and 
lateral  control  from  moving-base  (MB)  and  fixed-base  (FB)  evaluations  of 
identical  test  cases  are  summarized  in  Table  XI.  There  the  FB-ratings  for 
the  different  test  cases  are  categorized  according  to  rating  level,  i.e., 
satisfactory,  unsatisfactory,  and  unacceptable.  The  associated  MB  ratings 
for  the  test  cases  in  a  given  FB  rating  category  are  then  listed  according 
to  whether  the  MB  ratings  were  better  than,  equal  to,  or  worse  than  the 
corresponding  FB  rating.  The  moving -base  ratings  were  consistently  no  better 
than,  and  generally  worse  than,  the  fixed-base  ratings  for  the  same  test 
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cases.  This  trend  holds  for  all  three  of  the  FB  rating  categories.  Rela¬ 
tively  high  frequency  pitch  and  roll  control  inputs  must  generally  be  used 
to  control  longitudinal  and  lateral  position  properly.  There  may  have  been 
a  tendency  for  the  pilots  to  make  more  abrupt  control  commands  and  also  to 
tolerate  disagreeable  attitude  motions  (observed  on  the  visual  display)  more 
for  fixed -base  operation.  The  addition  of  motion  would  have  made  the 
pilot  mare  aware  of  undesirable  characteristics  in  test  case  dynamic  re¬ 
sponses.  This  effect  could  have  overshadowed  the  benefits  of  added  control 
cues  through  motion  and  caused  the  poorer  moving-base  ratings. 

TABLE  XI 


EFFECT  OF  MOTION  CUES  ON  PILOT  RATINGS 
FOR  LONGITUDINAL  AND  LATERAL  CONTROL 


Fixed -Base  (FB) 
Rating -Level , 
Number  of  Ratings 

Corresponding  Moving-Base  Rating 

Better  than  FB 
Number/Percent  of 
Total 

Equal  FB 

Number/Percent  of 
Total 

Worse  than  FB 
Number/Percent  of 
Total 

Satisfactory, 

18 

4/22 

3/17 

11/61 

Unsatisfactory, 

20 

7/35 

1/5 

12/60 

Unacceptable, 

6 

1/17 

4/66 

1/17 

B.  Control -Moment  Usage 


The  discussion  of  the  control -moment  usage  data  is  presented  in  four 
parts.  In  part  1  the  effects  of  a  number  of  aircraft,  control  system  and 
task  parameters  on  pitch,  roll  and  simultaneous  pitch  and  roll  control -moment 
usage  (as  defined  by  the  moment  levels  exceeded  5  percent  of  the  time)  are 
described.  These  results  were  obtained  from  experiments 'in  which  essential¬ 
ly  unlimited  control  moment  was  available  to  the  pilot.  Specifically,  the 
effects  of  turbulence  intensity,  aircraft  speed  stability  and  drag  para¬ 
meters,  flying  qualities  level,  control  system  lags,  motion  coupling,  and 
subtask  are  described.  A  comparison  is  also  shown  between  actual  simulta.- 
neous  pitch-  and  roll-control-moment  usage  and  hypothetical  maxima  and  minima 
for  such  simultaneous  usage.  These  results  provide  insight  into  the  degree 
to  which  pilots  make  simultaneous  control  commands.  In  part  2  results  from 
the  study  of  control-moment  limits  are  dis-  ussed.  The  percent  time  that 
total  control- moment  commands  exceeded  the  installed  limits  are  presented 


and  correlated  with  the  pilot  acceptance  of  the  limits.  Parts  3  and  4  are 
concerned  with  control -moment  usage  results  for  the  unconventional  control 
systems  considered:  independent  thrust -vector  control  and  rate -command/ 
attitude-hold  control,  respectively. 

In  general,  comparisons  with  the  MEL-F-83300  specification  for  control 
moments  are  not  made  in  the  discussions  of  control -moment  usage.  There  are 
two  reasons  for  this;  (l)  control -moment  comparisons  were  already  made  in 
the  discussion  of  the  flying  qualities  results  for  the  control -moment  limits 
study  (Section  III  .A  .3)  and,  ( 2 1  the  control -moment  usage  data  are  described 
in  terms  of  the  5 -percent -exceedance  levels  which  were  shown  to  be  lower 
than  the  control -moment  limits  required  for  pilot  acceptance  (Section 
III  .A  .3).  However,  the  5-percent -exceedance  levels  do  provide  a  useful 
measure  for  evaluating  control -moment  usage  (see  Section  II.D.l.b.). 
Additional  control  moment  usage  data  are  shown  in  Appendix  E.  Exceedance 
plots  based  on  control  moment  usage  in  the  maneuvering  subtasks  are  pre¬ 
sented  there  which  furl’bnr  illustrate  the  effects  of  a  variety  of  aircraft 
and  control  system  parameters. 

1.  Effects  of  Aircraft.  Conventional  Control  System  and  Task 
Parameters  on  Control -Moment  Usage 

a.  Turbulence  Intensity 

The  effects  of  turbulence  intensity  =  °Vg)  are  Presented  in  Figs. 
30  and  31  and  also  listed  in  Table  C-I  in  Appenajc  C.  The  data  in  Fig.  30 
are  for  configuration  BC1  which  requires  little  pilot  compensation  or  ’'lead" 
(Level  1)  and  is  relatively  unresponsive  to  turbulence.  That  is,  the  con¬ 
figuration  has  a  relatively  high  level  of  stability  augmentation  (Mq  =  Lp  = 
-1.7  and  =  L^,  =  -4.2)  and  the  stability  derivatives  which  describe  the 
moments  and  forces  caused  by  turbulence,  speed  stability  and  drag  parameters, 
respectively,  are  small  (Mug  =  rl^g  =  0.33,  Xu  =  %  =  -0.05).  Figure  31 
presents  results  for  configuration  BC6  which  is  Level  2,  and  more  responsive 
to  gusts  (Mug  =  -Lyg  =  1.0,  Xu  =  Yv  =  -:0.20). 

For  configuration  BC1  (Fig.  30)  the  moment  levels  corresponding  to  the 
5-percent  exceedance  level  generally  increase  with  turbulence  intensity  for 
all  tasks,  although  there  is  appreciable  scatter  in  the  results.  Also, 
none  of  the  5-percont  moment  levels  (pitch,  roll,  or  combined)  scale 
linearly  with  turbulence.  That  is,  there  is  a  factor  o‘f  about  2.4  increase 
in  rms  turbulence  intensity  from  3*4  ft/sec  to  8.2  ft/sec  but  the  5-percent 
control -moment  levels  at  8.2  ft /sec  are  not  2.4  times  as  great  as  those  for 
3.4  ft/sec.  The  reason  the  control -moment  levels  do  not  scale  may  be  that 
the  control  inputs  necessary  for  task  performance  and  the  pilot's  inadver¬ 
tent  inputs  form  a  bias  5-percent  moment  level  upon  which  the  turbulence 
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effects  are  superimposed.  Of  course,  the  5-percent  moment  level  for  pitch 
has  an  additional  bias  due  to  the  10  kt  n^an  wind  acting  through  Mu*  This 
bias  moment  is  approximately  0.l8  rad/sec'. 

The  levels  for  configuration  BC6  (Fig.  31)  are  significantly  larger 
than  those  for  BC1.  This  is  to  be  expected  because  of  the  greater  response 
of  BC6  to  gusts,  maneuvering  airspeeds  and  the  mean  wind.  For  example,  the 
bias  moment  in  pitch  for  BC6  due  to  the  mean  wind  is  approximately  0.53  rad/ 
sec^.  The  5~percent  roll  control -moment  levels  for  BC6  are  generally  some¬ 
what  smaller  than  those  for  pitch,  probably  also  because  of  the  increased 
bias  moment  in  pitch  from  the  mean  wind.  In  addition,  the  roll  moment  levels 
for  BC6  show  more  of  a  tendency  to  scale  with  turbulence  than  those  for 
configuration  BC1.  Turbulence  has  a  greater  effect  on  control -moment 
requirements  for  BC6  than  BC1  because  of  the  greater  response  of  BC6  to 
gusts.  Consequently,  it  might  be  expected  that  in  the  absence  of  signifi¬ 
cant  mean-wind  effects,  as  is  the  case  for  roll,  the  control -moment  levels 
for  BC6  would  exhibit  a  greater  tendency  to  scale  with  turbulence. 

b.  Sneed -Stability  Farameter 

In  Fig.  32  and  Table  C-l  in  Appendix  C,  control -moment  results  are 
presented  for  configurations  BC5  and  BC4  which  show  the  effects  of  air¬ 
craft  speed  stability  (Mug,  Lyg).  Both  of  these  configurations  have  suffi¬ 
cient  stability  augmentation  no  yield  Level  1  flying  qualities  and  each  has 
drag  parameters  of  Xu  =  Yv  =  -0.2  per  sec.  Their  speed -stability  parameters 
differ  by  a  factor  of  three,  however  (Mug  =  -Lvg  =  0.33  for  BC5  and  1.0  for 
BC4).  The  levels  in  Fig.  32  show  an  appreciable  increase  with  speed  sta¬ 
bility  for  all  three  control -moment  categories.  For  the  individual -axis 
control  moments  the  increment  due  to  increased  speed  stability  is  greater 
for  pitch  where  the  effects  of  the  mean  wind  are  significant.  Also,  for 
none  of  the  moment  categories  does  the  change  in  the  5-percent  exceedance 
level  scale  directly  with  the  factor  of  three  change  in  speed  stability. 

This  would  tend  to  indicate  that  the  control -moment  levels  required  to  arrest 
and  initiate  position  rates  and  those  caused  by  random  pilot  inputs  are 
appreciable.  If  they  were  not,  we  might  expect  5-percent  levels  to  scale 
with  speed  stability  because  the  remaining  disturbance  moments  due  to  maneu¬ 
vering  airspeed,  the  mean  wind  and  turbulence  all  scale  with  speed  stability. 
It  is  interesting  to  note  here,  also,  that  MIL-F -83300  accounts,  to  an 
appreciable  extent,  for  the  effects  of  speed  stability  on  required  control 
moments.  This  is  accomplished  by  stating  that  the  required  aircraft  re¬ 
sponse  must  be  demonstrated  at  the  airspeeds  involved  in  task  performance 
(paragraph  3. 2. 3.1,  Ref.  l).  Also,  in  the  control -moment  limit  study  the 
specification  was  found  to  be  adequate  for  configurations  having  both  large 
(Mug  =  -Lvg  =  1.0)  and  small  (Mug  =  -Lvg  =  0.33)  speed -stability  parameters 
(Section  FT  .A  .3). 
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c.  Drag  Parameter 


The  change  in  the  reference  control -moment  levels  with  drag  parameter 
(Xu,  Yv)  are  shown  in  Fig.  33  and  Table  C-I  in  Appendix  C.  Configurations 
BC1  and  BC5  are  identical  except  that  the  drag  parameters  for  BC5  are  four 
times  those  for  BC1  (-0.20  versus  -0.05).  The  results  in  Fig.  33  show  a 
small  general  increase  in  the  levels  for  configuration  BC5  which  has  the 
larger  drag  parameters.  Increased  drag  parameters  result  in  larger  position 
disturbances  from  turbulence.  However,  maneuvering  position  rates  are 
generally  smaller  because  of  the  larger  drag  forces  and  these  rates  are 
easier  to  arrest  because  of  the  increased  position  damping.  The  increased 
disturbances  due  to  turbulence  would  probably  necessitate  larger  control- 
moment  levels  while  the  other  effects  oi  drag  parameter  should  not  increase, 
and  could  reduce,  the  required  control  levels.  That  is,  the  attitude  angles 
and  rates -of -change  need  not  be  as  great  to  arrest  position  rates  for 
configurations  with  larger  drag  parameters.  It  appears  then,  from  the 
results  in  Fig.  33,  that  the  effects  of  turbulence  may  have  been  domirant 
since  the  5-percent  levels  increased  slightly  with  drag  parameter.  The 
increase  would  appear  to  be  relatively  small,  however,  for  a  large  change 
in  drag  parameter.  Certainly,  the  effects  of  changes  in  drag  parameter  are 
less  than  those  for  the  changes  in  speed -stability  parameter  that  were 
examined . 


d.  Level  of  Flying  Qualities 

The  V/STOL  Flying  Qualities  Specification  (MIL-F -83300,  Ref.  l)  defines 
three  flying  qualities  levels.  Level  1  flying  qualities  are  "clearly  ade¬ 
quate  for  the  mission,"  Level  3  are  such  that  the  "aircraft  can  be  con¬ 
trolled  safely  but  pilot  workload  is  excessive  or  mission  effectiveness  is 
inadequate,  or  both"  and  Level  2  flying  qualities  lie  between  these  extremes. 
The  control -moment  usage  data  observed  for  configurations  with  Level  1, 

Level  2,  and  Level  3  dynamic  characteristics  are  shown  on  Fig.  34.  Results 
are  presented  there  (and  also  in  Table  C-I  in  Appendix  C)  for  configurations 
BC4,  BC2,  and  LG‘3  (Level  1,  2,  and  3  configurations,  respectively),  which 
have  identica?.  speed -stability  parameters  (Mug  =  -Lyg  =  1.0).  The  drag 
parameters  ave  not  identical  for  each  configuration,  but  drag  parameter  has 
a  much  smaller  effect  on  the  5-percent  control -moment  level  (Fig.  33). 

There  is  a  general  increase  in  these  exceedance  moment  levels  for  config¬ 
urations  which  fall  into  the  three  flying  qualities  levels  of  paragraph 
3.2.2  in  Ref.  1  (Fig.  34)  for  all  three  moment  categories.  That  is,  as  the 
flying  qualities  are  degraded  through  reductions  in  stability  augmentation, 
the  control  mc'.ento  used  increase.  This  would  indicate  that  stability 
augmentation  does  a  more  efficient  job  of  compensating  the  aircraft  dynamics 
and  attenuating  turbulence  inputs  than  does  the  pilot.  It  would  appear  also 
that  the  required  levels  of  installed  control  moments  are  decreased  with 
improved  aircraft  flying  qualities . 
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Control  lags  appeared  to  have  little  effect  on  control -moment  usage. 
Five  percent  moment  levels  for  configurations  having  control  system  lags 
are  shown  in  Figs.  35  and  36  (configurations  BC5  and  BC4,  respectively). 
These  data  are  also  summarized  in  Table  C-II  in  Appendix  C.  The  addition  of 
control  lags  to  BC5,  which  is  Level  1  and  has  low  turbulence  response, 
resulted  in  a  small  decrease  in  the  5-percent  levels  for  pitch  and  combined 
control -moment  usage,  but  the  levels  for  roll  do  not  show  a  consistent 
change.  The  effects  of  control  lag  on  the  5-percent  levels  for  configura¬ 
tion  BC4  (Fig.  36)  are  even  less  consistent  than  those  for  BC5.  Configura¬ 
tion  BC4  is  also  Level  1  but  more  responsive  to  turbulence  than  BC5. 


Inter -Axis  Motion  Coupling 


The  effects  of  both  rate  and  control  coupling  on  the  pitch  moment 
levels  exceeded  5  percent  of  the  time  for  configuration  BC1  can  be  seen  in 
Fig.  37  and  Table  C-IV  in  Appendix  C.  Control  coupling  (Mga/Lg&  =  Lge/Mge) 
is  treated  as  a  parameter  in  the  three  plots  of  Fig.  37  which  correspond  to 
different  rate -coupling  levels  (Mp  =  -Lq).  The  effects  of  control  coupling 
alone  are  shown  in  Fig.  37(a)  where  Mp  =  -Lq  =  0.  These  data  indicate  no 
significant  increase  in  Mc^  for  a  change  in  control  coupling  ratios  from  0 
to  Mga/Lga  -  -Lge/MSe  =  •  Recall  that  for  satisfactory  pilot  ratings 

control  coupling  ratios  should  be  kept  below  0.25  (Section  III.A.5). 
Consequently,  the  results  in  Fig.  37(a)  indicate  that  for  acceptable  levels 
of  control  coupling,  the  control -moment  usage  is  not  changed  significantly 
from  that  for  no  control  coupling. 


However,  the  results  in  Fig.  37  shew  that  rate  coupling  does  influence 
control -moment  usage.  By  comparing  the  fixed -base  data  for  no  control 
coupling  across  Figs.  37(a),  (b),  and  (c),  it  can  be  seen  that  pitch 
control -moment  usage  increases  with  rate  coupling  level.  Rate  coupling 
levels  greater  than  Mp  =  -Lq  =  1  appear  ro  be  unacceptable  if  satisfactory 
flying  qualities  are  to  be  achieved  (Section  III  .A  .4).  The  results  in 
Fig.  37  would  indicate  that  such  rate-coupling  levels  could  result  in 
approximately  a  10-percent  increase  control -moment  usage. 


g.  Subtask 


Four  major  subtasks  were  performed  by  each  pilot  during  the  control- 
moment  -usage  study  —  maneuvering  or  air  taxi,  quick  stop,  turn -over -a -spot 
and  hover.  Two  of  these,  the  maneuver  and  quick -stop  subtasks,  could  be 
further  subdivided  according  to  the  direction  (longitudinal  or  lateral)  in 
which  the  subtask  was  performed.  The  effects  of  each  subtask  on  the  5- 
percent  control -moment -usage  level  can  be  seen  in  Fig.  38  and  Table  C-I  in 
Appendix  C.  These  data  were  all  obtained  for  the  3*4  ft/sec  turbulence 
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intensity  level  and  with  the  10-kt  mean  wind  from  the  north.  Note  that  the 
aircraft  was  always  headed  into  the  wind  except  for  the  turn  maneuver. 

The  subtask  for  which  the  pitch  and  roll  5-percent  exceedance  level  was 
most  often  the  largest  was  the  quick  stop  (Fig.  38);  the  next  largest  values 
were  for  the  maneuvering  subtask.  The  lowest  levels  (pitch  and  roll)  were 
most  often  recorded  for  hover  and  the  next  lowest  for  the  turn  subtask.  The 
quick  stops  involve  somewhat  larger  maneuver  rates  than  air  taxi  and  these 
rates  are  arrested  abruptly.  Consequently,  it  is  not  surprising  that  the 
largest  control  moments  were  used  there.  Hover,  on  the  other  hand,  generally 
requires  smaller  control  inputs  and  the  pilots  tended  to  make  fewer  inadver¬ 
tent  inputs  for  this  subtask.  This  was  generally  the  situation  for  turn  as 
well,  except  that  the  pilots  at  times  introduced  large  pitch  and  roll  atti¬ 
tudes  for  lightly  damped  configurations,  e.g.,  BC2  and  BC3* 

The  combined  controj. -moment -usage  levels  are  shown  with  the  maneuver 
and  quick-stop  subtasks  divided  into  their  longitudinal  (x)  ana  lateral  (y) 
components.  The  lateral  quick  stops  resulted  in  the  largest  5~?ercent- 
exceedance  levels  for  combined  usage  and  the  next  largest  levels  were  used 
for  the  lateral  maneuvers.  The  combined  usage  for  lateral  maneuvering  and 
quick  stops  may  have  been  larger  than  that  for  the  same  longitudinal  sub- 
tasks  because  the  lateral  subtasks  required  appreciable  control  moments 
while  pitch  moments  were  also  necessary  to  compensate  for  the  mean  wind. 

For  the  longitudinal  subtasks  pitch  moments  were  needed  to  perform  the 
maneuvers  in  the  mean  wind  but  roll  inputs  were  small.  The  lowest  levels 
for  simultaneous  usage  were  recorded  for  the  hover  task. 

h.  Simultaneous  Usage 


An  indication  of  the  pilot's  tendency  to  make  pitch  and  roll  control 
inputs  simultaneously  can  be  obtained  by  comparing  the  sum  of  the  moment 
levels  used  for  the  individual  axes  with  the  actual  simultaneous  usage 
levels.  If  the  5~per cent -exceedance  moment  levels  for  pitch  and  roll  are 
added,  the  resulting  control  moment  is  that  level  which  would  be  exceeded 
5  percent  of  the  time  if  the  pitch  and  roll  control  moments  were  used 
simultaneously.  The  sum  of  these  levels  then  represents  a  theoretical 
maximum  for  simultaneous  moment  usage.  Also,  a  practical  minimum  level  for 
combined  usage  can  be  developed  if  it  is  assumed  that  the  pitch  and  roll 
inputs  are  independent,  i.e.,  that  the  pilot  does  not  intentionally  correlate 
his  pitch  (roll)  inputs  with  the  roll  (pitch)  control  motions. 

Curves  representing  the  hypothetical  maxima  and  minima  for  the  simul¬ 
taneous  control  usage  5-percent  exceedance  level  are  shown  in  Fig.  39  along 
with  the  5-percent  moment  levels  for  actual  simultaneous  usage.  The  results 
presented  for  all  six  configurations  are  for  the  hover  subtask  only  (Table 
C-I  in  Appendix  C).  Similar  data  were  not  available  in  sufficient  quantity 


for  the  other  subtasks.  The  levels  representing  the  upper  curve  indicate 
the  5-percent  moment  levels  which  would  occur  if  all  the  pilot's  pitch  and 
roll  inputs  were  made  simultaneously.  The  points  on  the  lower  curve  are  the 
square  root  of  the  appropriate  sum  of  the  squared  5~percent  levels  for  pitch 
and  roll.  That  is,  it  was  assumed  that  the  pitch  and  roll  control  moments 
were  independent  and  could  be  represented  by  Gaussian  probability  distribu¬ 
tions  (the  nearly  linear  curve  for  hover  in  Fig.  5  indicates  that  the 
Gaussian  assumption  is  reasonable).  It  can  be  shown,  then,  that  the  square 
root  of  the  sum  of  the  squares  of  the  individual  5-percent  levels  represents 
the  simultaneous  usage  5-percent  level.  The  remaining  curve  in  Fig.  39 
shows  the  5-percent  levels  for  actual  simultaneous  control  usage.  This 
curve  lies  about  midway  between  the  two  extremes.  These  results  would 
indicate  that,  for  the  hover  subtask  at  least,  the  minimum  total  installed 
control  moment  for  both  pitch  and  roll  could  be  set  somewhat  less  than  the 
sum  of  the  maximum  used  for  individual  axis  control.  However,  this  total 
level  must  still  be  greater  than  a  level  which  would  be  satisfactory  for 
single-axis  control. 

2 .  Percent  Time  Control  Moment  Commands  Exceed  Limits 


The  control “moment  limit  study  (Section  III  .A  .3)  was  conducted  to 
determine  (l)  acceptable  levels  of  installed  moments  for  several  V/STOL 
configurations  (BC1,  BC4,  BC5  and  BC6)  and  (2)  whether  these  limits 
correlated  witn  the  5  percent  exceedance  levels  measured  with  unlimited 
control  moments.  It  was  found  in  that  study  that  control  moments  greater 
then  the  5-percent  levels  were  needed  for  pilot  acceptance.  The  results 
presented  here  give  some  indication  of  the  acceptability  of  installed  con¬ 
trol  moments  in  terms  of  the  percent  time  the  total  control  command 
actually  exceeds  these  limits. 

Figure  40  contains  plots  of  the  percent  time  total  pitch  and  roll 
control  commands  exceeded  the  installed  moments  during  the  maneuvering  sub¬ 
task  versus  the  magnitude  of  the  installed  moments  (Table  C-III  in  Appendix 
C).  These  maximum  available  control  moments,  C%,  are  stated  as  multiples 
of  the  average  moment  levels  exceeded  5  percent  of  the  time  with  unlimited 
available  moments,  CM5.  Note  that  CM5  is  different  for  each  basic  config¬ 
uration.  As  would  be  expected,  the  percent  time  the  total  moment  command 
exceeded  the  installed  moments  decreased  as  CMfo  became  larger.  However, 
the  exceedance  percentages  become  very  small  as  approaches  those  levels 
needed  for  pilot  acceptance  (CM^  ^1.2  to  1,3  CM5  for  BC1,  sa  1.0  CM5  for  BC5 
and  «  1.2  to  1.3  CM5  for  BC4  and  BC6).  For  pitch  control  the  exceedance 
percentages  at  acceptable  CI^q  range  from  about  1.5  percent  (average  fixed - 
and  moving-base  results  for  BCl)  down  to  almost  zero.  For  roll  control  the 
percentages  are  about  the  same  magnitude.  It  would  appear  from  these  limited 
results  that  for  pilot  acceptability,  installed  control  moments  must  be  set 
at  levels  which  will  not  be  exceeded  often  in  flight. 
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3 .  Control -Moment  Usage  for  Independent  Thrust-Vector  Control  * 

Independent  thrust-vector  control  might  be  expected  to  reduce  the  ) 

requirements  for  control  moments  since  it  eliminates  the  need  to  change  * 

attitude  in  order  to  maneuver  the  aircraft.  However,  control  moments  are  l 

still  required  to  attenuate  the  attitude  response  to  gusts  and  trim  the  ; 

moments  due  to  airspeeds  (developed  from  maneuvers  and  the  mean  wind)  acting 
on  the  speed -stability  parameters.  Pitch  control -moment-  and  thrust -vector-  { 

angle -usage  data  are  listed  in  Table  C-V  in  Appendix  C.  I 

i 

In  Fig.  4l  the  pitch  and  control- moment  5- percent  exceedance  levels  for 
ITVC  and  conventional  pitch  attitude  control  are  piesented  for  configurations 
BC1  and  BC4.  For  both  configurations  the  value  of  for  ITVC  is  consis-  ; 

tently  somewhat  smaller  than  that  for  conventional  attitude  control. 

Exceedance  computations  were  also  performed  on  measured  thrust -vector - 
angle  data  from  the  study  of  ITVC  (Table  C-V  in  Appendix  C).  For  the  turn 
maneuver  with  configuration  BC1  the  5-percent  thrust -vector -angle  exceedance 
levels  ranged  from  approximately  2  to  8  deg. 

4.  Control -Moment  Usage  for  Rate -Command /Attitude -Hold  Control 

Pitch  control -moment -usage  results  for  the  rate -command/attitude -hold 
control  system  are  shown  in  Fig.  42  for  three  values  of  the  natural  frequency 
of  the  oscillatory  dynamics  ( con  =  2.8,  3.44  and  6.3  rad/sec)  and  several 
levels  of  the  damping  ratio, £  .  These  data  are  presented  for  test  cases 
having  the  basic  airframe  stability  derivatives  of  configuration  BC1.  As 
the  damping  ratio  was  increased  for  bothwn  =2.8  and  6.3  rad/sec,  the 
configuration  became  easier  to  control  and  the  5-percent  exceedance  moment 
level  decreased.  However,  for  the  two  test  cases  yielding  the  best  fixed- 
base  ratings  («>n  =  3-44,  £  =  0.87,  PR  =  4  and  o>n  =  6.3,  £  =  0.47,  PR  =  2.5) 
the  fixed-base  5-percent  moment  usage  levels  were  still  greater  than  the 
corresponding  levels  for  BC1  with  conventional  attitude  control  (see 
Fig.  4i). 
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SECTION  IV 


RESULTS  OP  HEIGHT  CONTROL  STUDIES 


The  height  control  results  are  discussed  in  two  parts.  In  part  A,  the 
flying  qualities  data,  i.e.,  pilot  opinion  ratings  and  control  sensitivities, 
are  discussed  and  compared  with  the  applicable  paragraphs  of  MIL-F-83300. 

In  part  B,  the  measured  thrust-usage  data  are  described.  Background  material 
on  the  experimental  design  and  procedures  are  contained  in  Section  II.  The 
flying  qualities  data,  pilot  comments  and  measured  thrust-usage  results  from 
the  UARL  pilot  evaluations  are  summarized  in  Appendices  A,  B  and  C,  respec¬ 
tively.  Results  from  the  Calspan  pilot  evaluations  discussed  in  this  section 
are  summarized  in  Appendix  D. 

A.  Flying  Qualities  Results 

Four  separate  investigations  were  conducted  during  the  height  control 
study.  These  investigations  were  concerned  with  (1)  the  effects  of  height 
velocity  damping  with  effectively  unlimited  thrust-to-weight  ratio,  (2)  the 
interaction  between  height  velocity  damping  and  thrust-to-weight  ratio, 

(3)  lags  and  delays  in  the  thrust  response,  and  (4)  incremental  thrust 
through  stored  energy. 

1.  Height  Velocity  Damping 
a.  Pilot  Opinion  Ratings 

The  effects  of  height  velocity  damping,  Zw,  on  pilot  opinion  for  effec¬ 
tively  unlimited  thrust-to-weight  ratio,  T/W>1.15,  are  presented  in  Fig.  43 
and  summarized  in  Table  A- IX  (Cases  HZ1  through  HZ4  and  HZ25  through  HZ28). 
Data  are  shewn  in  Fig.  43  for  one  Calspan  pilot  and  two  UARL  pilots.  The 
Calspan  pilot  evaluations  were  conducted  with  no  simulated  winds  and  with 
the  simulator  in  the  moving-base  mode,  while  the  UARL  pilot  results  were 
obtained  for  fixed-  and  moving-base  simulator  operation  and  the  standard 
wind  simulation  (10-kt  mean  wind  from  the  north  and  3*4  ft/sec  gusts  along 
the  aircraft  x  and  y  body  axes).  The  configurations  simulated  during  these 
evaluations  were  BC1  and  BC4  which  both  have  Level  1  longitudinal  and 
lateral  flying  qualities.  The  ratings  from  all  three  pilots  are  unsatis¬ 
factory  (and  quite  similar)  for  less  damping  than  aoout  =  -0.35  per  sec. 
For  =  0  the  ratings  ranged  from  8  to  10  and  the  pilots  all  commented 
that  stabilizing  aircraft  vertical  motion  was  extremely  difficult.  They 
also  indicated  that  it  would  probably  be  impossible  to  perform  any  other 
task,  such  as  a  lateral  air  taxi,  in  addition  to  controlling  height  (see 
Appendix  B,  Table  B-VIIl).  The  improvement  in  rating  with  increased  levels 
of  height  velocity  damping  correlates  well  with  the  associated  reduction  in 
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requirements  for  pilot  lead  compensation.  The  phase  lags  in  the  height 
response  to  height  errors  are  shown  in  Fig.  44.  Pilots  must  compensate  for 
these  lags  at  frequencies  important  to  closed-loop  height  control  (0.5  to 
1.0  rad/sec;  Ref.  7).  It  is  apparent  in  Fig.  44  that  the  lead  requirements 
diminish  with  additional  Z,^. 

The  specification  for  minimum  height  velocity  damping  (t paragraph  3.2. 5.4) 
indicates  that,  for  effectively  unlimited  T/W  (T/W  2:1.10),  satisfactory 
height  control  characteristics  can  be  obtained  with  Z^  =  0.  The  results  in 
Fig.  43  indicate  that  the  flying  qualities  are  unacceptable  without  height 
velocity  damping.  If  the  pilot's  only  task  were  to  control  height  he  may 
be  able  to  stabilize  the  altitude  loop  with  Z^  =  0.  However,  the  UARL 
results  indicate  that  if  he  is  also  expected  to  perform  tasks  involving 
longitudinal,  lateral  or  directional  motion,  altitude  errors  of  at  least 
±20  ft  could  be  expected.  In  addition,  the  precision  with  which  the  other 
tasks  could  be  performed  would  be  seriously  degraded  by  the  attention  which 
would  have  to  be  given  to  height  control. 

b.  Collective  Control  Sensitivities 

Pilot- selected  control  sensitivities  from  the  investigation  of  height 
velocity  damping  are  shown  in  Fig.  45.  The  sensitivities  change  little  with 
although  there  is  a  tendency  for  them  to  become  larger  as  damping  is 
increased.  The  minimum  permissible  MIL-F-83300  boundaries  for  collective 
control  sensitivity  are' also  plotted  in  Fig.  45.  These  boundaries  are 
stated  in  terms  of  achieving  a  climb  rate  of  100  ft/min  1.0  sec  after  an 
abrupt  1-in.  control  input.  Consequently,  the  boundaries  increase  as  the 
damping  is  increased.  The  control  sensitivities  from  this  study  all  lie 
well  within  the  allowable  range,  but  they  are  much  closer  to  the  minimum 
boundary  than  the  maximum.  The  maximum  permissible  collective  control 
sensitivities  range  from  Z(jc  =  12.5  to  18.1  as  Z^  changes  from  0  to  -0.8. 

2.  Interaction  Between  Height  Velocity  Damping  and  Thrust-to-Weight 
Ratio 

Figure  46  contains  results  which  demonstrate  the  interaction  between 
Z^,  T/w  and  pilot  ratings.  These  data  are  also  listed  in  Table  A- IX, 

Cases  HZ1  through  HZ2.8,  In  Fig.  46  pilot  ratings  are  presented  on  a  plot 
of  total  height  velocity  damping,  Z^,  versus  T/V.  Similar  plots  of  the 
results  from  other  height  control  studies  were  used  to  formulate  height 
control  power  requirements  for  MIL-F-83300.  The  data  on  Fig.  46  were 
obtained  for  UARL  and  Calspan  pilots  and  for  fixed-  and  moving-base  flight 
simulator  operation.  The  basic  configuration  evaluated  was  BC1,  For  most 
of  the  data  points,  Z^  consisted  of  equal  parts  of  aerodynamic  (Z^„)  and 
SAS  (Z^)  height  velocity  damping.  However,  as  indicated  in  Fig.  46  some 
of  the  cases  were  evaluated  with  either  Z^  or  Z^  (but  not  both)  set  to 


zero.  It  should  be  noted  that  Zwg  :ts  provided  only  within  the  available 
T/W.  That  is,  thrust  used  for  damping  :1s  instantaneously  unavailable  for 
control.  Also  shown  in  Fig.  46  are  Level  1,  2  and  3  boundaries  for  height 
control  power  from  MIL-F-.83300. 

A  definite  trade  off  between  the  effects  of  T/W  and  Z^  on  pilot  opinion 
is  indicated  by  the  results  in  Fig.  46.  For  example,  as  T/W  is  increased 
at  constant  Z^,  ratings  generally  improve.  Conversely,  as  the  damping  is 
increased  for  a  given  T/W,  rating  also  generally  improves.  These  effects 
tend  to  justify,  to  some  extent,  the  shape  of  the  MIL-F-83300  boundaries. 
However,  the  data  in  Fig.  46  are  not  in  complete  agreement  with  these 
boundaries.  One  notable  exception  occurs  for  the  Level  1  boundary  at  T/W  = 
1.10  where  the  UARL  results  would  indicate  that  total  damping  greater  than 
-0.25  is  necessary  for  satisfactory  ratings.  That  is,  the  boundaries  in 
Fig.  46  imply  that  a  T/W>1.10  is  required  for  a  satisfactory  rating  at 
Zrfj,  =  0.  However,  the  results  shown  previously  in  Fig.  45  indicate  that 
even  an  "unlimited"  T/W  will  not  provide  satisfactory  ratings  for  =  0. 

The  UARL  data  would  indicate,  then,  that  another  boundary  line  which 
excludes  damping  levels  smaller  than  -0.25  should  be  added  to  Fig.  46.  If 
this  boundary  were  present  the  UARL  data  would  also  support  the  movement 
of  the  line  separating  Level  1  and  2  regions  to  the  left.  That  is,  it 
appears  that  for  a  given  Z^  less  T/W  is  needed  to  place  a  cc if iguration  in 
a  Level  1  category  than  MIL-F-83300  requires. 

The  interaction  between  aerodynamic,  7AT&>  and  SAS,  ZWs,  height  velocity 
damping  shown  in  Fig.  46  merits  discussion.  A  decelerating  force  which  is 
proportional  to  descent  velocity  is  available  to  arrest  sink  rates  in  air¬ 
craft  which  have  Z^  .  Such  force  may  have  an  appreciable  effect  on  height 
control  for  aircraft  with  limited  installed  T/W.  This  increased  decelerating 
force  is  not  available  in  aircraft  with  only  Zwg.  Ratings  showing  the 
effects  of  Ztfa  and  ,  with  T/W  as  a  parameter,  are  presented  in  Fig.  47. 

For  all  the  cases  shown,  the  total  damping  ms  Z^  =  -0.25,  but  the  relative 
amounts  of  ZWa  and  Z^  were  varied.  For  T/W  =  1.02  it  appears  that  the 
improved  ability  to  arrest  sink  rates  resulting  from  increased  Zrv-a  had  a 
significant  impact  on  flying  qualities.  As  was  changed  from  0  to  -0.25, 
pilot  rating  improved  by  two  units.  As  T/W  was  increased  the  decelerating 
force  from  Zw-a  became  less  important  since  the  pilot  had  sufficient  T/W  to 
adequately  ascend  and  arrest  descents.  This  is  reflected  in  the  smaller 
change  in  rating  over  the  same  Zwa  interval  for  the  larger  T/W  values.  In 
fact,  the  moving-base  ratings  for  T/W  =  1.10  show  almost  no  variation  with 
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3.  Lags  and  Delays  in  Thrust  Response 

The  effects  on  pilot  rating  of  first-order  lags  and  a  0.1- sec  delay  in 
the  thrust  response  are  presented  in  Fig.  48  and  Table  A-X  (Cases  HL1  through 
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HL8).  Two  values  of  lag  time  constant,  -  0.3  and  0.6  sec  were  evaluated 
at  three  levels  of  Z^:  -0,25,  -0*35  and  -0.50.  The  thrust- to- weight  ratio 
was  held  constant  at  1.05  and  configuration  BC1  was  used  for  the  longitudinal 
and  lateral  flying  qualities.  Except  for  Z^  =  -0.50,  rating  deteriorates 
with  increasing  Tj1.  The  decrement  appears  to  be  related  to  Z^  as  well  as 
the  change  in  (Fig.  48).  That  is,  rating  is  somewhat  less  sensitive  to 
for  the  higher  damping  levels.  The  upward  shift  in  the  curves  with  Z^ 
is  expected  since  the  phase  lag  in  height  response  at  any  given  \}  and 
hence  the  pilot's  lead  compensation,  decreases  with  increasing  damping  (see 
Fig.  44) .  Note  also,  that  the  addition  of  a  0.1-sec  delay  had  little  effect 
on  rating  (Fig.  48).  Pilot  rating  for  Z^  =  -0.35  with  d^  =  0.1  sec  and 
Th  =  0  is  equal  to  that  for  no  delay,  and  for  -  0.3  the  rating  with  a 
0.1- sec  delay  is  only  a  half  unit  poorer  than  for  no  delay. 

The  specification  for  lags  in  thrust  response  (paragraph  3*2. 5. 2)  is 
phrased  in  such  a  way  that,  with  no  delays,  a  first-order  control  lag  time 
constant  of  up  to  0.3  sec  is  permissible.  For  a  d^  =  0.1  the  specification 
would  permit  a  lag  of  «  0.2  sec.  The  UARL  data  in  Fig.  48  would  indicate 
that  the  specification  is  reasonable,  providing  the  aircraft  has  a  Zy^  of 
at  least  -0.25  to  -0.35  per  sec.  This  is  the  range  of  minimum  values  of 
damping  found  to  be  acceptable  in  the  height  control  studies  with  no  lags. 

The  previous  results  (e.g.,  Fig.  43)  would  indicate  that  for  Z^  =  0, 

Th  =  0*3  would  be  completely  unacceptable.  Also,  the  specification  does 
not  account  for  the  reduction  in  phase  lags  contributed  by  or  d^,  and 
the  associated  improvement  in  rating,  which  can  be  achieved  with  increased 
levels  of  Zytp.  This  effect  is  illustrated  in  Fig.  48  and  is  discussed  in 
detail  in  Ref.  7. 

4.  Incremental  Thrust  Through  Stored  Energy 

The  effects  of  incremental  thrust  through  stored  energy  (see  Section 
II.A.2.d  for  background)  were  investigated  with  a  height  control  configura¬ 
tion  that  was  unsatisfactory  without  the  stored  energy  contribution.  How¬ 
ever,  the  longitudinal  and  lateral  dynamics  were  quite  easy  to  control 
(configuration  BC1).  For  height  control  the  installed  T/W  was  only  1.02 
and  Z^pj,  -  ZWs  =  -0.35,  i.e.,  the  pilot  had  no  additional  decelerating  force 
from  Z when  descending.  Without  the  incremental  thrust  from  stored  energy, 
height  control  was  unsatisfactory  (PR  =  4),  The  change  in  rating  was  evalu¬ 
ated  for  incremental  thrust-to- weight  ratios  of  4T/W  =  0.13  and  0.28  and  for 
decay  time  constants  of  r&  =  0.05,  0.10  and  0.20  sec  (Cases  HS1  through  HS5, 
Table  A-X).  With  4T/W  =  0,13,  an  improvement  in  rating  was  not  evident  until 
TJi  =  0.20  (Fig.  49).  For  the  larger  thrust  increment,  4T/W  =  0.28,  a  general 
improvement  in  rating  occurred  for  =  0,10  sec.  For  both  the  4T/W  =  0.13, 
r4  =  0.20  and  4t/W  =  0.28,  Tj  =  0.10  combinations,  the  ratings  improved  by 
about  one  unit  to  PR  =  3-0.  For  effectively  unlimited  T/W,  the  rating  was 
2.5.  The  results  indicate  that  for  t&  values  which  might  be  typical  for 
helicopters,  i.e,,  =  0.10  to  0.20  sec,  the  effects  of  incremental  thrust 
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through  stored  energy  can  be  significant.  It  should  be  noted,  also,  that 
for  height  control  the  pilot  probably  does  not  use  the  stored  energy  effects 
to  their  fullest  advantage.  Height  control  generally  involves  low-frequency 
control  motions;  consequently,  the  stored  energy  in  the  rotor  system  is  not 
used  as  often  as  it  is  for  pitch  and  roll  control. 

5.  Effect  of  Motion  and  Pilot  Ratings  for  Height  Control 

Fixed-base  (FB)  and  moving-base  (MB)  pilot  ratings  for  height  control 
are  compared  in  Table  XII.  The  FB  ratings  for  the  different  test  cases  are 
categorized  by  general  rating  level  (satisfactory,  unsatisfactory  and  un¬ 
acceptable)  .  The  associated  MB  ratings  are  then  tabulated  according  to 
whether  they  were  better  than,  equal  to,  or  worse  than  the  FB  ratings.  The 
results  in  Table  XII  are  mixed  and  only  for  the  unsatisfactory  FB  rating 

TABLE  XII 

EFFECT  OF  MOTION  CUES  ON  PILOT 
RATINGS  FOR  HEIGHT  CONTROL 


Fixed- Base  (FB) 
Rating  Level, 
Number  of  Ratings 

Corresponding  Moving-Base  Rating 

Better  Than  FB 
Number/ Percent 
of  Total 

Equal  FB 
Number/Percent 
of  Total 

Worse  Than  FB 
Number /Percent 
of  Total 

Satisfactory, 

4 

1/25 

1/25 

2/50 

Unsatisfactory, 

7 

5/72 

l/l4 

1/14 

Unacceptable, 

2 

0/0 

2/100 

o/o 

category  is  a  definite  result  indicated.  For  this  category  the  moving-base 
ratings  were  generally  better  than  the  corresponding  fixed-base  data.  It 
would  appear  that  motion  helped  in  the  control  of  these  more  difficult  test 
cases.  Ik  may  be  that  the  motion  was  more  beneficial  for  height  control 
than  for  longitudinal  and  lateral  control  because  the  visual  display  provides 
less  information  on  height  error  than  it  does  for  these  other  two  axes. 
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Consequently,  motion  cues  would  have  helped  more  for  height  control.  This 
effect  may  not  have  been  evident  for  unacceptable  FB  ratings  because  the 
rating  scale  becomes  less  sensitive  to  such  effects  due  to  its  implicit  non- 
linearities  for  the  unacceptable  region.  That  is,  for  test  cases  which  are 
very  difficult  to  control  the  differences  between  7  and  8  or  8  and  9  ratings 
are  not  easy  to  establish  and  pilots  tend  to  rate  such  cases  similarly. 

B.  Thrust  Usage 


Thrust-usage  data  were  obtained  which  show  (1)  the  effects  of  Z ir, 

(2)  the  percent  time  that  pilots  attempted  to  exceed  the  installed  thrust- 
to-weight  ratio,  and  (3)  the  effects  of  lags.  The  thrust  exceedance  results 
were  computed  using  only  the  pilot  and  total  thrust  commands  for  which 
T/W>1.  These  are  the  collective  inputs  which  are  used  to  accelerate  upward 
and  to  arrest  sink  rates.  Also,  thrust  usage  levels  are  given  in  terms  of 
incremental  thrust-to-weight,  ratio,  i.e.,  (f/W-l) . 

1.  Height  Velocity  Damping 


The  effects  of  total  height  velocity  damping,  Z^,  on  the  level  of  incre¬ 
mental  thrust-to-weight  ratio  exceeded  5  percent  of  the  time  are  shown  in 
Fig.  50  and  listed  in  Table  C-VII.  Results  are  shown  for  both  the  collective 
command,  Z^C-(JC,  and  the  total  thrust  command,  Z(jc>  <5C  +  Z-^-w.  Three  levels 
of  Z^jrp  (0,  -0.25  and  -0.5  per  sec)  were  evaluated  for  effectively  unlimited 
T/W  (T/tf  >1.15).  The  data  in  Fig.  50  show  that  has  a  significant  effect 
on  the  5-percent  exceedance  level,  (T/W-l)^.  The  5-percent  level  for 
Zvpp  =  0  is  as  much  as  six  times  that  for  Z^  of  -0.25  or  -0.5.  Obviously, 
the  stability  augmentation  system  makes  much  more  efficient  use  of  the 
installed  thrust  tnan  the  pilot.  Also,  there  generally  seems  to  be  little 
difference  between  the  exceedance  levels  for  =  -0.25  and  -0.50.  It 
would  appear  that  increasing  above  what  is  a  minimum  satisfactory  level 

(e.g.,  Z^j, - 0.25)  does  not  lead  to  significant  changes  in  thrust  usage. 

Note  also  that  for  relatively  well  damped  cases,  Z^  =  -0.25  and  -0.50,  the 
largest  thrust  levels  are  used  for  the  landing  sequence.  This  is  to  be 
expected,  since  for  this  subtask  the  pilot  intentionally  makes  several  large 
altitude  changes.  For  Z^  -  0,  however,  large  thrust  levels  are  used  for 
other  subtasks  in  which  the  pilot  is  merely  attempting  to  maintain  constant 
altitude.  Normally,  large  values  of  (T/W-!)  are  not  needed  for  such  control 
if  the  height  dynamics  are  acceptable  to  the  pilot. 

2.  Limits  on  the  Installed  Thrust- to- Weight  Rat.io 


The  effects  of  limits  on  the  installed  thrust-to-weight  ratio  are  dis¬ 
cussed  in  terms  of  the  percent  time  pilots  attempted  to  exceed  the  incre¬ 
mental  T/W  available.  The  collective  control  was  not  physically  constrained 
at  the  thrust  limits  for  this  study.  The  thrust  limits  were  evident  only 
in  the  way  they  affected  height  control.  Consequently,  if  the  pilot  felt  he 
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needed  more  thrust,  he  tended  to  move  the  collective  lever  accordingly, 
whether  or  not  the  installed  T/w  had  been  exceeded.  Results  are  presented 
in  Fig.  51  for  two  levels  of  Z^  (-0.25  and  -0.50)  with  T/W  as  a  parameter. 
For  2^,  =  -0.25  (note  that  ~n  =  0.3  for  the  T/W  =  1.05  data)  the  two  types 
of  commanded  thrust,  Z$Q-  $c  and  Z,JC*  +  Z^*  w,  both  exceeded  the  T/w  =  1.02 
level  a  large  percent  of  the  time.  Fifty  percent  was  not  uncommon  for 
Z^dc  ant*  20  percent  was  typical  for  the  total  commanded  thrust.  However, 
the  percentages  for  T/W  =  1.05  were  much  smaller.  More  often  than  not,  the 
T/W  =  1.05  level  was  never  exceeded.  The  results  for  =  -0.50  show  the 
same  trends,  but  the  percent  time  a  given  level  is  exceeded  is  smaller.  For 
example,  the  maximum  percent  time  that  T/W  =  1.02  was  exceeded  for  any  sub¬ 
task  was  30  percent.  Also,  the  only  time  that  T/W  =  1.05  was  exceeded  was 
for  the  landing  sequence  and  the  percentage  there  was  relatively  low.  These 
results  provide  another  example  of  SAS  making  more  efficient  use  of  thrust 
than  the  pilot. 

3.  Thrust  Response  Lags 

Some  limited  data  showing  the  effects  of  an  acceptable  first-order  lag 
in  thrust  response  (t^  =  0.3)  are  presented  in  Fig.  52.  For  these  results 
Zvjvp  is  -0.25  and  T/V  is  1.10.  The  5-percent  exceedance  levels  are  generally 
somewhat  larger  for  =  0.3  (and  appreciably  larger  for  the  y-maneuver 
subtask)  than  for  the  no  lag  case.  However,  these  data  are  too  limited  to 
permit  the  conclusion  that  significantly  more  thrust  is  needed  for  height 
control  systems  with  lags. 
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SECTION  V 


RESULTS  OF  DIRECTIONAL  CONTROL  STUDIES 


The  results  of  the  directional  control  studies  are  presented  in  two 
parts.  Pilot  ratings  and  pilot- selected  control  sensitivities  axe  discussed 
and  compared  with  applicable  paragraphs  of  MIL-F-83300  in  part  A.  In  part  B 
the  measured  yaw  control-moment  data  are  discussed.  Background  information 
related  to  the  directional  control  experiments  is  contained  in  Section  II. 
The  flying  qualities  data,  pilot  comments,  and  control- moment  data  are 
summarized  in  Appendices  A,  B  and  C,  respectively. 

A.  Flying  Qualities  Results 


Three  different  studies  were  conducted  during  the  directional  control 
program.  These  studies  consisted  of  evaluations  of  the  effects  of  (l)  yaw 
rate  damping,  (2)  control  system  lags  and  delays,  and  (3)  limits  on  yaw 
control  moment. 

1.  Yaw  Rate  Damping 

Pilot  rating  is  plotted  versus  yaw  rate  damping  level,  Nj,,  in  Fig.  53(a) 
for  configurations  BC1  and  BC2.  Note  that  these  ratings  axe  for  directional 
control  only.  Three  vaxues  of  %  (0,  -0.5  and  -1  per  sac)  were  evaluated  at 
Ny  =  0.005.  Pilot  rating  was  marginally  unacceptable  (FR~6.5)  for  Nr  =  0 
and  marginally  satisfactory  (PR  =  3.5  to  4)  for  %  --  -O.5.  Ratings  improved 
to  about  2.5  with  Nj,  =  -1  for  both  BC1  and  BC2.  Recall  that  BC2  has  Level  2 
longitudinal  and  lateral  characteristics  and  such  dynamics  result  in  an 
increase  in  overall  pilot  workload.  It  might  have  been  expected,  therefore, 
that  a  degradation  in  pilot  rating  of  the  directional  flying  qualities  could 
result.  However,  this  was  not  the  case.  The  reason  for  the  improvement  in 
rating  with  damping  level  can  be  interpreted  in  terms  of  the  pilot  lead 
compensation  necessary  for  good  closed-loop  directional  control  character¬ 
istics.  As  for  height  control,  the  directional  lead  compensation  require¬ 
ments  are  related  to  the  open-loop  phase  lags  of  the  directional  dynamics 
(and  the  pilot  dynamics)  in  the  frequency  range  of  0.5  to  1  rad/sec  (Ref.  7). 
These  phase  lags  are  shown  in  Fig.  54.  It  is  apparent  that  the  need  for 
lead  compensation  is  diminished  as  Nr  becomes  more  negative. 

The  MIL-F-83300  requirement  for  directional  damping  (paragraph  3-2. 2. 2) 
states  that  for  Level  1  flying  qualities  the  yaw  mode  must  be  stable  with 
a  time  constant  no  greater  than  one  sec.  This  is  approximately  equivalent 
to  specifying  Nj.  =  -1  for  Level  1  flying  qualities  and  the  UARL  results  in 
Fig.  53(a)  show  that  satisfactory  ratings  result  for  such  a  value.  The 
data  also  indicate  that  a  somewhat  lower  damping  level  of  about  -0.5  per  sec 
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may  provide  satisfactory  directional  control  for  Hy  =  0.005.  However,  the 
value  of  Ny  can  be  larger  than  0.005  for  helicopters  and  V/STOL  aircraft. 
Since  directional  frying  qualities  generally  deteriorate  with  increasing  Ny 
(Ref.  7),  the  Nr  =  -1  Level  1  requirement  appears  reasonable. 

Control  sensitivities  selected  by  the  pilots  during  the  yaw  rate  damping 
study  are  shown  in  the  following  list  along  with  the  minimum  and  maximum 
values  permitted  by  MIL-F-83300.  The  UARL  data  from  the  two  pilots  and  the 
moving-  and  fixed- base  evaluations  have  been  averaged. 


MIL-F-83300 


Np 

UARL 

N«5r 

Boundaries  for 

Minimum  f&ximum 

0 

0.207 

0.210 

0.804 

-0.5 

0.236 

0.244 

0.935 

-1 

0.299 

0.282 

1.080 

The  UARL  control  sensitivities  almost  match  the  lower  boundary  values  from 
MIL-F-83300  and,  consequently,  they  are  well  below  the  upper  limits  for  Ify  . 

2.  Control  lags  and  Belays 

First-order  lags  in  yaw  response  to  the  pilot's  pedal  inputs  having 
time  constants  of  0.1,  0.3  and  0.6  were  evaluated  with  and  without  a 
0.1-sec  time  delay.  Two  values  of  Nr  (-0.5  and  -1)  were  used  with  configura¬ 
tion  BC1  providing  the  longitudinal  and  lateral  dynamics.  Pilot  ratings 
from  these  cases  are  shown  in  Fig.  53(h).  There  is  a  consistent  deteriora¬ 
tion  in  rating  with  lag  time  constant  for  both  Np  =  -0.5  and  -1.  Also, 
the  4FR  due  to  the  different  Np  values  remains  about  the  same  for  all  , 

i.e.,  the  ratings  for  Nr  =  -1  are  consistently  about  1  unit  better.  The 
addition  of  the  0.1-sec  delay  did  not  change  the  ratings  significantly 
(Fig.  53(h)).  The  effect  of  the  lags  and  the  different  Nr  values  can  once 
more  be  rationalized  in  terms  of  the  required  pilot  lead  compensation.  The 
phase  lags  encountered  in  directional  control  increase  with  which  in  turn 
increases  the  requirement  for  pilot  lead  compensation  and  this  causes  pilot 
rating  to  deteriorate.  Increasing  the  damping  level,  Nr,  reduces  the  phase 
lags  and  thereby  improves  the  pilot's  rating  at  a  given  value  of  . 

The  results  in  Fig.  53(h)  show  that  for  a  Level  1  value  of  Nr  (-1), 
first-order  lags  with  time  constants  of  up  to  =  0.3  are  acceptable.  The 
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specification  for  directional  control  lags  (paragraph  3*2.4)  is  written  in 
terms  of  an  allowable  time  within  which  the  initial  maximum  yaw  acceleration 
must  occur  (t £  ^  0.3  sec).  The  value  of  tj£  for  the  lag  cases  evaluated 

(with  and  without  =  0.1  sec)  with  1^  =  -1  are  summarized  in  the  following 
list. 


Nr 

T± 

% 

ax 

m 

-1 

0.1 

0 

0.24 

3 

0.1 

0.34 

2 

0.3 

0 

0.51 

3*5 

0.1 

0.61 

3*8 

-1 

0.6 

0 

0.86 

4.3 

0.1 

0.96 

4.7 

Without  delays  the  specification  excludes  =  0.3  (’t^max  -  0.51  >0.30) 
although  this  test  case  was  rated  satisfactory.  Also,  the  specification 
permits  a  0.1- sec  delay  which  the  UARL  data  indicate  is  reasonable.  How¬ 
ever,  if  cty  =  0.1  is  present  a  0.1-sec  increment  is  added  to  ti^^..  As  a 
result,  some  combinations  of  d^  and  which  are  acceptable  to  the  pilot, 
e.g. ,  Tj/  =0.3  ana  dj,  =  0.1  are  made  to  appear  even  more  unacceptable  in 
terms  of  the  MIL-F-833OO  requirement.  That  is,  t =  0.6l  for  T^~  0.3 
and  d^,  =  0.1  which  is  twice  the  allowable  t value  (0.30),  yet  the 
averaged  rating  for  this  case  is  almost  on  the  satisfactory  boundary 
(FR  =  3*8)*  The  control  lag  specification  (paragraph  3*2.4)  assumes  that 
the  time  to  maximum  angular  acceleration  limit  of  0.3  sec  is  applicable 
to  pitch,  roll  and  yaw  motion.  It  was  shown  previously  (Section  III. A. 2) 
that  this  requirement  is  adequate  for  first-order  lags  in  pitch  and  roll 
response.  However,  it  appears  that  a  longer  time  to  maximum  angular 
acceleration  is  appropriate  for  yaw. 

3.  Control- Moment  Limits 


Yaw  control- moment  limits  were  evaluated  to  determine  acceptable  values 
of  installed  yaw  moment  for  the  UAEL  task.  The  total  yaw  control  moment 
was  limited,  but  pitch  and  roll  control  moments  were  effectively  unlimited. 
This  evaluation  was  conducted  for  two  'values  of  Nj,  (-0.5  and  -1  sec)  with 
configuration  BC1.  The  reference  value  for  yaw  moment  was  the  average 
level  exceeded  5  percent  of  the  time  for  the  turn  subtasks  conducted  during 
the  turbulence  intensity  study  (Nc^  =  0.10).  Note  that  this  value  of  ¥c^ 
was  appropriate  only  for  configuration  BC1.  Larger  values  were  recorded 
for  other  configurations  (see  Section  III'. A. 3).  Pilot  ratings  from  this 
study  are  presented  in  Fig.  55*  For  the  Level  1  value  of  Nj,  (-1)  an 
installed  yaw  control  moment  of  HCffi.«1.3  N"c^  was  necessary  for  pilot 
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acceptance.  With  14.  =  -0.5  the  required  value  for  NCffi  was  considerably 
larger  (»1.6  Nc^) .  If  nominal  lateral  maneuvering  velocities  of  15  ft/sec 
are  assumed,  MIL-F-83300  requires  that  the  installed  yaw  control  moment  be 
approximately  0.31  rad/sec^.  This  level  is  well  in  excess  of  the  0.13  rad/ sec2 
found  to  be  necessary  with  configuration  BC1.  However,  as  mentioned  pre¬ 
viously,  the  levels  of  yaw  control  moment  used  varied  among  the  different 
Level  1  configurations  (WCl-  =  0.175  for  BC4  and  0.15  for  BC5).  If  it  were 
assumed  that  for  configuration  BC4  the  required  installed  N^  =  1.3  Ncy 
then  Ncm  would  have  to  be  0.228  rad/sec^.  This  value  is  also  less  than 
the  0.31  rad/s ec^  specified  by  MIL- F- 83300. 

4.  Effect  of  Motion  on  Pilot  Ratings  for  Directional  Control 

Fixed-base  (FB)  and  moving-base  (MB)  pilot  ratings  for  directional  con¬ 
trol  are  compared  in  Table  XIII.  The  method  of  comparison  is  similar  to 


TABLE  XIII 

EFFECT  OF  MOTION  CUES  ON  PILOT 
RATINGS  FOR  DIRECTIONAL  CONTROL 


Fixed-Base  (FB) 
Rating  Level, 
Number  of  Ratings 

Corresponding  Moving- Base  Rating 

Better  Than  FB 
Number / Percent 
of  Total 

Equal  FB 
Number / Percent 
of  Total 

Worse  Than  FB 
Number / Percent 
of  Total 

Satisfactory, 

5 

2/40 

1/20 

2/40 

Unsatisfactory, 

8 

5/62.5 

1/12.5 

2/25 

Unacceptable, 

1 

1/100 

0/0 

0/0 

that  described  previously  for  the  height  control  ratings.  The  effect  of 
motion  on  the  rating  results  is  also  quite  similar  to  those  for  height  con¬ 
trol.  That  is,  motion  had  little  effect  for  satisfactory  FB  ratings,  but 
improved  the  ratings  for  test  cases  which  were  more  difficult  to  control 


64 


(i.e. ,  those  which  were  rated  unsatisfactory  and  unacceptable  with  no  motion). 
As  for  height  control,  the  reason  for  the  improved  ratings  with  motion  may 
have  been  the  improved  cues  whi^h  resulted  for  heading.  This  effect  would 
be  expected  to  be  more  significant  for  heading  control  than  foi  longitudinal 
and  lateral  control.  This  is  because  the  visual  display  provides  much 
better  control  cues  for  longitudinal  and  lateral  control  than  for  directional 
control. 

B.  Control- Moment  Usage 


Two  of  the  three  investigations  related  to  yaw  control- moment  usage 
were  based  on  data  obtained  with  unlimited  yaw  moment  available.  The 
effects  of  %  and  control  lags  were  evaluated  in  these  two  studies.  The 
third  study  was  concerned  with  the  percent  time  the  total  yaw  control 
command  exceeded  the  installed  moment.  Only  results  for  the  turn  subtask 
were  considered  in  the  control-moment-usage  investigations.  Very  little 
yaw  control  moment  was  used  for  the  other  subtasks. 

1.  Yaw  Rate  Damping 

The  effects  of  Nr  on  the  5-percent  yaw  moment  exceedance  levels  are 
displayed  in  Fig.  56(a).  As  was  the  case  for  pitch,  roll  and  height  con¬ 
trol,  the  5-percent  level  for  yaw  moment  decreases  with  increased  damping. 
Again,  it  is  apparent  that  with  increased  levels  of  stability  augmentation, 
more  efficient  use  is  made  of  the  available  control  moments. 

2.  Control  lags 

The  percent- time  reference  yaw  moment  levels  were  exceeded  was  computed 
from  the  moment  data  for  "fy  =  0.3  with  1'^  =  -0.5  and  for  =  0.3  and  0.6 
with  Nr  =  -1.  The  moment  levels  exceeded  5  percent  of  the' time  are  presented 
in  Fig.  56(b).  For  both  levels  of  Nr  there  ms  a  significant  increase  in 
the  5-percent- exceedance  value,  Nc^,  when  a  first-order  lag  of  0.3  sec  was 
added  to  the  control  system.  A  further  increase  in  NCt-  ms  observed  for  a 
lag  of  0.6  sec.  The  increase  in  Nc^  is  approximately  50  percent  for  the 
addition  of  T^  =  0.3  sec  with  Kj,  =  -1.  The  results  in  Fig.  53(h)  indicate 
that  this  combination  yields  satisfactory  flying  qualities.  If  satis¬ 
factory  levels  of  control  lag  can  cause  this  large  an  increase  in  the  yaw 
control- moment  usage,  it  would  appear  prudent  not  to  change  the  MIL-F-83300 
specification  for  installed  yaw  moments.  Without  control  lags  the  MIL-F- 
83300  requirements  appeared  somewhat  larger  than  the  yaw  control  moments 
found  necessary  for  pilot  acceptance  in  the  UARL  studies  (Sections  V.A.3 
and  III.A.3). 
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3.  Control- Moment  limits 


The  percent  time  that  total  yaw  control-moment  commands  exceeded  the 
installed  moment  limits  are  shown  in  Fig.  56(c).  These  percentages  were 
computed  from  yaw  control- moment- usage  data  for  the  moment  limit  values 
evaluated  in  the  study  discussed  in  Section  V.A.3  (NCffl  =  1.0  Nc^,  1.3  Wc^ 
and  1.6  Nc^  where  Nc<-  =  0.10).  As  would  he  expected,  the  percentages  de¬ 
creased  as  the  installed  yaw  control  moment  increased.  Also,  these  results 
show  that  the  yaw  control- moment  level  which  was  acceptable  to  the  pilots, 
Ncm  =  1*3  Nc  ,  was  exceeded  5  percent  of  the  time.  Recall  that  the  refer¬ 
ence,  Nc  -  0.10,  was  the  averaged  5-percent  exceedance  moment  level  for 
all  the  data  measured  during  the  turn  subtask  in  the  turbulence  study 
(Section  III.A.l),  when  essentially  unlimited  control  moment  was  available. 
The  larger  5-percent  level  from  the  yaw  limit  study,  NCm  =  0,13,  may  have 
resulted  from  the  pilot's  tendency  to  hold  in  large  pedal  inputs  which 
exceeded  the  yaw  control-moment  limits.  This  was  done  in  an  attempt  to 
command  ir creased  yaw  control  moment.  For  unlimited  yaw  control  moments 
available  the  aircraft  responded  to  these  large  inputs  and  the  pilot  did 
not  hold  the  pedal  command  as  long. 
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SECTION  VI 


SUMMARY  OF  PRINCIPAL  RESULTS  AND 
RECOMMENDATIONS  FOR  FURTHER  RESEARCH 


A.  Flying  Qualities  Results  Pertaining  to  the  Development  of  MIL-F-83300 

1.  Longitudinal  and  lateral  Control 

a.  Turbulence  Effects 

The  Level  1  requirement  for  V/STOL  pitch,  roll  and  yaw  dynamic  response 
(paragraph  3*2.2)  appears  to  provide  aircraft  dynamics  which  remain  quite 
controllable  for  nominal  increases  in  turbulence  intensity.  Pitch  and  roll 
control  sensitivities  selected  by  the  pilots  at  the  largest  turbulence  in¬ 
tensities  considered  (cru  =  cry  ~  8.2  ft/sec)  retrained  well  within  the 
specification  boundariesg( paragraph  3- 2. 3* 2)  and  were  much  closer  to  the 
minimum  required  levels  than  to  the  maximum  limit.  These  results  and  pre¬ 
vious  UARL  experience  would  indicate  that  the  upper  control  sensitivity 
limits  would  result  in  aircraft  response  which  might  be  difficult  to  control. 

b .  Control  Lags  and  Delays 

The  specification  for  control  lags  (paragraph  3.2.4)  adequately  separated 
unsatisfactory  levels  of  first-order  lags  in  pitch  and  roll  control  response 
from  those  which  did  not  significantly  degrade  pilot  ratings  for  Level  1  con¬ 
figurations  (i.e.,  those  that  met  the  Level  1  requirement  of  paragraph  3.2.2 
of  ML- F- 83300)  evaluated  in  this  study.  Pilot  ratings  also  show  that  per¬ 
mitting  a  0.1-sec  delay  in  control  response,  as  the  specification  does,  is 
reasonable.  However,  limited  results  for  second- order  control  lags  indicate 
that  the  specification  may  not  be  sufficiently  general  to  apply  to  second- 
order  control  lags.  Control  sensitivities  selected  in  this  study  were  gen¬ 
erally  near,  and  sometimes  below,  the  minimum  MIL-F-83300  boundary.  It  may 
be  appropriate  to  lower  both  the  minimum  and  maximum  control  sensitivity 
boundaries  somewhat . 

c.  Control- Moment  Requirements 

The  pitch  and  roll  control-moment  requirements  from  MIL-F-83300  (para¬ 
graph  3. 2. 3.1)  generally  equalled  or  exceeded  those  levels  found  to  be 
necessary  in  this  program  for  the  Level  1  and  2  configurations  considered 
(without  control  system  lags  or  delays).  Also,  the  specified  control 
moments  were  generally  not  excessive.  The  addition  of  control  system 
lags  and  delays  increased  the  control  moments  found  to  be  necessary  for 
satisfacbory  ratings,  and  the  wording  of  paragraph  3*2.3- 1  also  provides 
for  •chis  effect.  However,  the  specification  ccrtrol- moment,  requirements 
may  be  excessive  for  control  systems  with  acceptable  lags. 


67 


d.  Control  Moments  Through  Stored  iaiergy 


It  appears  that  rotor-propulsion  system  angular  momentum  can  he  used 
to  offset,  to  some  extent,  deficiencies  in  the  installed  control  moments. 
However,  additional  research  is  required  before  consideration  can  be  given 
to  accounting  for  its  effects  in  MIL-F-833OO. 

e.  Inter- Axis  Motion  Coupling 


Pitch  and  roll  rate  coupling  and  control  coupling  can  cause  an  appre¬ 
ciable  deterioration  in  V/STOL  flying  qualities.  Results  from  this  study 
indicate  that  rate  coupling  levels  must  be  no  larger  than  Mp  =  1  and/or 
Iq  =  -1  per  sec  for  satisfactory  flying  qualities.  Control  coupling  ratios 
should  be  limited  to  bi^a/L^a  and/or  less  than  about  0.25.  The 

control  sensitivity  specification  does  not  have  to  be  changed  to  account 
for  motion  coupling. 

f .  Independent  Thrust-Vector  Control 


Thrust-vector  control  independent  of  aircraft  attitude  can  be  an 
acceptable  substitute  for  conventional  attitude  control  when  properly 
implemented.  For  large  aircraft  with  Level  1  pitch  and  roll  dynamics,  the 
use  of  ITVC  should  provide  satisfactory  flying  qualities  while  enabling 
the  pilot  to  avoid  pitch  (or  roll)  attitudes  that  could  lead  to  ground 
strikes.  For  aircraft  having  large  drag  parameters,  ITVC  would  enable 
pilots  to  control  position  without  the  large  attitude  changes  and  trim  atti¬ 
tude  angles  that  result  for  such  aircraft  with  conventional  position  con¬ 
trol  through  attitude.  However,  position  control  for  such  aircraft  would 
remain  moderately  difficult,  even  with  ITVC. 

g.  Rate-Command/Attitude-Hold  Control 

It  appears  that  rate- command/attitude- hold  control  as  mechanized  in 
this  study  provides  no  particular  benefits  over  conventional  rate  and  atti¬ 
tude  stabilized  control  systems  for  hover  ar.d  low-speed  flight  operations. 
Also,  the  dynamic  response  portion  of  MIL-F-833OO  (paragraph  3*2. 2.1)  does 
not  define  characteristics  which  provide  satisfactory  dynamic  response  for 
rate-command/attitude-hold  control  systems.  However,  the  specification  for 
control  sensitivities  (paragraph  3. 2. 3. 2)  does  encompass  those  sensitivities 
needed  with  rate- command/attitude- hold  control. 

2.  Height  Control 


a.  Zy  and  Thrust -to-Weight  Ratio 


There  is  a  definite  interaction  between  Z^,  T/w  and  height  control 
flying  qualities  for  T/w  less  than  about  1.05.  This  result  supports  to 


68 


some  extent  the  method  used  in  MIL- F- 83300  to  specify  Z,/7  and  T/W  (paragraph 
3. 2. 5.1).  However,  MIL-F-83300  permits  2^  =  0  for  T/W  2:1.10,  but  results 
from  the  UARL  program  indicate  that  a  minimum  2^  =  -0.25  to  -0.35  is 
necessary  for  Level  1  height  control.  Also,  if  this  Z<#  level  is  present, 
it  would  appear  that  the  T/w  boundary  separating  Level  1  and  2  flying 
qualities  could  be  reduced.  Height  control  sensitivities  from  this  study 
were  within  the  specification  limits  (paragraph  3-2. 5*3)  but  were  much 
closer  to  the  minimum  boundary  than  the  maximum. 

b.  Lags  and  Delays  in  Thrust  Response 


The  specification  for  lags  and  delays  in  thrust  response  (paragraph 
3.2. 5.2)  appears  reasonable  in  view  of  the  UARL  results.  However,  it  does 
not  account  for  the  ability  of  increased  to  compensate  for  lag  effects. 

c.  incremental  Thrust  Through  Stored  Energy 

Results  indicate  that  the  effects  of  incremental  thrust  through  stored 
energy  can  alleviate,  to  an  extent,  deficiencies  in  installed  thrust.  How¬ 
ever,  these  data  are  presently  too  limited  to  permit  consideration  of  changes 
in  MIL-F-83300  to  account  for  its  effects. 

3.  Directional  Control 


a.  Yaw  Rate  Damping 


Results  from  this  program  indicate  that  the  directional  damping  para¬ 
graph  in  MIL-F-83300  (3. 2. 2. 2)  which  requires  Nr  =  -J  for  Level  1  flying 
qualities  is  reasonable.  Also,  the  pilot- selected  yaw  control  sensitivities, 
N<5r,  almost  matched  the  lower  boundary  values  from  paragraph  3*2. 3.2. 

b.  Control  Lags  and  Delays 


The  control  lag  specification  (paragraph  3-2.4)  should  be  modified  to 
permit  a  longer  time  to  attain  maximum  yaw  acceleration,  For  accept¬ 

able  control  lags  and  delays,  tj/Lav  was  as  much  as  twice  the  MIL-F-83300 
limit  (0.3  sec). 

c.  Yaw  Control- Moment  Requirenr  ..ts 


The  specification  for  yaw  control  moment  (paragraph  3. 2. 3.1)  requires 
control  moments  which  are  without  exception  larger  than  those  found  to  be 
necessary  in  this  program.  However,  the  yaw  control-moment  requirements  of 
the  specification  do  not  appear  to  be  excessive. 
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B.  Control- Moment  Usage 


1.  Longitudinal  and  lateral  Control 


Pitch  and  roll  control-moment  usage  increases  with  turbulence  intensity. 
However,  the  increase  does  not  scale  directly  with  turbulence  intensity, 
apparently  because  there  is  a  minimum  level  of  control- moment  usage  which 
exists  without  turbulence  due  to  the  moment  requirement  for  task  performance, 
trim  of  the  mean  wind,  and  inadvertent  pilot  inputs.  Speed  stability  is  the 
aircraft/control  system  configuration  parameter  having  the  greatest  effect 
on  control- moment  usage.  The  change  in  the  5-percent- exceedance  moment 
levels  for  a  threefold  increase  in  speed  stability  was  much  greater  than 
that  for  a  factor  of  four  change  in  drag  parameter.  Drag  parameter  may  not 
have  to  be  a  consideration  in  the  development  of  control-moment  criteria. 

The  change  in  control- moment  usage  with  speed  stability  was  also  greater 
than  that  which  resulted  whe.i  aircraft  pitch  and  roll  dynamics  deteriorated 
(accomplished  by  reducing  the  level  of  stability  augmentation)  from  Level  1 
to  Level  3*  Control- moment  usage  increased  with  decreasing  level  of  augmen¬ 
tation  which  confirms  that  stability  augmentation  systems  make  more  efficient 
use  of  control  moment  than  does  the  pilot.  Control  lags  had  little  effect 
on  pitch  and  roll  control- moment  usage,  and  it  may  be  possible  to  eliminate 
them  from  consideration  in  the  development  of  control- moment  specifications. 
Pitch  and  roll  control  coupling  also  had  little  effect  on  control-moment 
usage,  but  usage  did  increase  with  pitch  and  roll  rate  coupling. 

The  low- speed  flight  task  required  of  a  v/STOL  aircraft  has  been  shown 
to  have  an  appreciable  effect  on  control- moment  usage.  The  5-percent- exceed¬ 
ance  moment  levels  for  the  quick  stop  are  as  much  as  1.5  times  as  large  as 
those  for  hover.  The  expected  task  must  be  accounted  for  when  defining 
requirements  for  installed  control  moment.  Also,  the  installed  total  moment 
for  pitch  plus  roll  control  must  oe  sufficient  to  account  for  simultaneous 
control  usage  by  the  pilot.  It  cannot  be  assumed  that  pilots  make  independent 
pitch  and  roll  control  inputs. 

Finally,  it  appears  that  specifying  levels  for  installed  control  moment 
by  requiring  that  they  equal  those  levels  which  the  pilot  would  be  expected 
to  exceed  5  percent  of  the  time  is  not  acceptable.  However,  it  may  be  that 
acceptable  installed  control-moment  levels  would  correlate  better  with  those 
levels  exceeded  a  smaller  percent  of  the  time. 

2.  Height  Control 

Thrust  usage  decreased  with  increased  levels  of  height  velocity  damping. 
Lags  in  the  thrust  response  increased  thrust  usage;  this  contrasts  with  the 
effect  of  lags  on  pitch  and  roll  control- moment  usage.  With  satisfactory 
levels  of  installed  thrust- to-weight  ratios  of  1.05  were  seldom  exceeded 
and  T/W  =  1.10  was  never  exceeded. 
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3.  Directional  Control 


Yaw  control- moment  usage  decreased  with  increased  yaw  rate  damping  for 
the  values  of  yaw  rate  damping  tested,  i.e.,  1 1^,1  <1.0-  Moment  usage  increased 
with  lags  in  the  yaw  response  to  control  inputs,  however. 

C.  Effects  of  Flight  Simulator  Motion  Cues  on  Pilot  Ratings 


For  longitudinal  and  lateral  control  the  addition  of  flight  simulator 
motion  resulted  in  poorer  pilot  ratings  than  those  assigned  when  the  same 
test  cases  were  evaluated  without  motion.  This  trend  was  evident  for  all 
cases,  regardless  of  their  flying  qualities,  i.e.,  whether  or  not  they  had 
been  rated  satisfactory,  unsatisfactory  or  unacceptable  without  motion. 

For  both  height  and  yaw  control,  however,  the  addition  of  motion  generally 
resulted  in  improved  ratings  for  test  cases  which  were  rated  unsatisfactory 
or  unacceptable  without  motion.  For  cases  rated  satisfactory  fixed  base, 
the  addition  of  simulator  motion  appeared  to  have  little  effect  on  the 
pilot's  rating  of  height  or  directional  flying  qualities. 


D.  Recommendations  for  Further  Research 


It  is  recommended  that  the  following  research  be  conducted  to  obtain 
information  pertinent  to  the  further  development  of  MIL-F-83300. 

(1)  Additional  fixed-  and  moving-base  flight  simulator  studies  of 
control-power  usage  should  be  conducted.  In  these  studies,  the  significance 
of  aircraft,  control  system  and  task  parameters  would  be  further  evaluated 
and  the  control-power  specification  would  be  tested  in  more  detail. 

(2)  The  ability  of  rotor- propuls ion  system  stored  energy  to.  compensate 
for  limits  in  installed  control  power  should  be  investigated  in  more  detail. 

(3)  Additional  unconventional  control  systems  such  as  on-off  (bang- 
bang)  control  and  velocity- vector  (TAGS)  control  should  be  evaluated  to 
determine  their  attributes.  Modifications  to  Ml'D-F- 83300  to  extend  its 
coverage  to  these  systems  must  be  explored.  Independent  thrust-vector  con¬ 
trol  should  also  be  examined  in  mors  detail;  it  appears  to  be  a  promising 
concept,  but  was  only  given  limited  study  in  this  program. 
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Figure  2.  United  Aircraft  Corporation  V/STOL  Aircraft  Flight  Simulator 
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REFERENCE  CONTROL  MOMENT  LEVEL-  RAD/SEC? 


(c)  PITCH  AND  ROLL  CONTROL  MOMENT,  (IMCI  +  ILCI  ) 


0  0.2  0.4  0.6  0.8 

REFERENCE  CONTROL  MOMENT  LEVEL  -  RAD/SEC2 


FIGURE  5-  Representative  Exceedance  Plots  Showing  the  Effects  of  Subtask 
Control- Moment  Usage 
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Figure  8.  Effect  of  Pitch  and  Roll  Dynamics  Level  on  Degradation  in  Pilot 
Rating  with  Turbulence  Intensity 
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Figure  11.  Phase  Lag  of  Pilot-Pitch  (Roll)  Open-Loop  Dynamics  for  CARL 
Basic  Configurations 
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Figure  13.  Lateral  Control  Sensitivities  ivom  Turbulence  Study 
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Figure  14.  Variation  in  Pilot  Rating  with  Tiine  Constant  of  First-Crder 
in  Control  Response 
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Effect  Pitch  and  Roll  Dynamics  Level  on  Degradation  in  Pilot 
Rating  with  First-Order  lag  Time  Constant 
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Figure  17.  Magnitude  and  Phase  Characteristics  for  Pilot-Pitch  (Roll) 
Open -Loop  Dynamics  with  Second -Order  Control  Lags 
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Figure  18.  Pilot  Ratings  for  Second- Order  lags  in  Pitch  and  Roll  Control  Response 
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FIGURE  30.  Effec4-  of  Turbulence  on.  Five- Percent  Exceedance  Moment  Level  for 
a  v/STOL  Configuration  with  Snail  Response  to  Turbulence 


I 


FIGURE  31.  Effect  of  Turbulence  on  Five- Percent  Exceedance  Moment  Level  for 
a  V/STOL  Configuration  with  Large  Response  to  Turbulence 
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FIGURE  36,  Effects  of  Control  Lags  on  Five- Percent  Moment  Levels 
Configuration  with  Moderate  Response  to  Turbulence 
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Figure  45.  Height  Control  Sensitivity  Results  Showing  the  Effects 
of  Height  Velocity  Damping 
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APPENDIX  A 


SUMMARY  OF  FLYING  QUALITIES  DATA 
FROM  UARL  PILOT  EVALUATIONS 


This  Appendix  contains  a  detailed  tabulation  of  the  flying  qualities 
data  (pilot  ratings  and  pilot- selected  control  sensitivities)  obtained  from 
flight  simulator  svHlustions  ‘vrith  UARL  pilots; 

Table  A- I  identifies  the  studies  conducted  in  the  UARL  program  and  lists 
the  parameters  for  the  cases  evaluated  in  each  investigation.  It  also  pro¬ 
vides  a  key  to  the  tables  which  summarize  data  in  Appendices  A,  B  and  C. 
Tables  A- II  through  A-VIII  list  results  from  the  longitudinal  and  lateral 
control  studies  in  the  following  sequence:  A- II,  turbulence  effects;  A- III, 
control  lags  and  delays;  A- IV,  control  moment  limits;  A-V,  control  moments 
through  stored  energy;  A-VI,  inter-axis  motion  coupling;  A-VII,  independent 
thrust-vector  control;  and  A-VIII,  rate- command/ attitude- hold  control.  Fly¬ 
ing  qualities  results  fiom  the  height  control  studies  are  listed  in  Tables 
A- IX  and  A-X  as  follows:  A- IX,  velocity  camping  and  thrust-to- weight  ratio 
interactive  effects;  and  A-X,  thrust  lags  and  delays  and  incremental  thrust 
through  stored  energy.  Finally,  pilot  ratings  and  pilot- selected  sensitiv¬ 
ities  from  the  directional  control  studies  arc  summarized  in  Table  A- XI. 
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TABLE  A-VII 
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DIRFCTIOMAL  CONTROL  FLYING 


APPENDIX  B 


SUMMARY  OF  PILOT  COMMENTS  FROM 
UARL  PILOT  EVALUATIONS 


Tills  Appendix  presents  edited  pilot  comments  for  the  flight  simulator 
test  cases  evaluated  by  UARL  pilots.  The  comments  are  tabulated  for  each 
case  according  to  the  subtasks  performed  by  the  pilots.  For  each  subtask, 
comments  were  solicited  according  to  the  questionnaire  shown  in  Table  IV. 
Pilots  also  made  additional  comments  as  they  felt  necessary. 

The  comment  tables  parallel  the  flying  qualities  data  tables  of 
Appendix  A.  That  is,  for  each  data  table  in  Appendix  A  there  is  a  corre¬ 
sponding  comment  table  in  Appendix  B.  The  comments  from  the  longitudinal 
and  lateral  control  studies  are  summarized  in  Tables  B-I  through  B-VIII  as 
follows:  B-I,  turbulence  effects;  B-II,  control  lags  and  delays;  B-III, 
control- moment  limits;  B-IV,  control  moments  through  stored  energy;  B-V, 
inter-axis  motion  coupling;  B-VI,  independent  thrust- vector  control;  and 
B-VII,  rat e-command/attitude- hold  control.  Pilot  comments  for  the  height 
control  test  cases  are  summarized  in  Tables  B-VIII  and  B-IX.  Table  B-VIII 
contains  velocity  damping  and  thrust-to-weight  ratio.  Comments  from  the 
studies  of  thrust  lags  and  delays  and  incremental  thrust  through  stored 
energy  are  shown  in  Table  B-IX.  The  pilot  comments  from  the  directional 
control  studies  are  summarized  in  the  last  table,  B-X. 
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TABLE  B-I 


PILOT  COMMENTS  PROM  THE  STUDY  OF  TURBULENCE  INTENSITY 
Faring  Qualities  Results  Given  in  Table  A- II 
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difficult  ta  atuaaw.  Be  lack  of 
eaatroi  poor. 

could  yarfm  praeiaaly, 
ao  pcMaa.  dgala  *U#t 
oetUlalloa  of  pitot  au 
roll,  but  aaally  daapad. 

Xlta  aaay  to  prfm. 
Mda't  aaa  Hig  tilt  co* 
trol  ms*. 

balaate  laguta  U  bovar, 
could  borer  gUta  r> 
tlaaly.  Vwttete  lately 
alee  aot  dlffl-Mlt. 

noaiy  Wiped,  low  rv- 
apowa  ta  taMlaoi, 
lag  rifacte  aoOl,  tom 
aiigbt  tjedsaey  ta 
naetUxta  la  pitch  oil 
:el!  but  aaally  4vged. 

--U 

«a 

r.  •  r.  * 
c.e 

jun 

0.353 

O.J52 

2 

Select  *■  te  jtr*  daalrad 
•ttlfei*  reepcoee. 

TV  air  tad  r#i»tireJy  Hip,  JU- 
Otaaa  to  ocwtrol  Uyute  food 
abort  *12  UM.  lujr  to  laltia*a 
wa wwur  aitbouga  aooa  aotielpa. 
tlM  rap-trad  to  ttop  at  a  dMllM 
poeltloo.  could  atop  ate  v>ld 

Mar  wit*  food  iyii  of  pal. 
tlou.  C*Jjr  «jaU  attitude  «M\m 
reyilred. 

Mo  probtea,  altbou# 
tea  pMltim  actlclpa. 
tloo  ra^xlrad  to  atop  at 
daalrad  pout. 

balatlraly  aaay.  ted  to 
W*  a  MU  aaruat  or 
vlag  tilt  coetrol  to 
off  eat  tte  waa  vlte 
affacta. 

Very  aaay  to  Mvc,  ta. 
jilrad  caly  very  avail 
ocotrol  lagwta. 

Ukte  tba  Bood  attlttea 
eostrol  ate  tea  vwy 
low  rae pewe  to  tur« 
bulaooa.  filet  vert- 
load  quit*  1"». 

vn 

0.JJ9 

o.see 

3 

•elected  U>ntU4  aUl 
tn4» 

Air  tad  ao  prohlee.  C**AA  perf  cn 
both  X  aal  1  wwnr  taaka  jra- 
ciaely  end  boll  vaiecltle*  ataohr 
ate  arrar*.  artlea  rltaxit  too  nuet 
difficulty.  *11# t  taodeoey  to 
oaclUata  at  t*a  trA  of  mmvm, 
tad  to  NfdMla  fcr  til*  tut  It 
aaaa't  difficult. 

Could  atep  tulta  aeou. 
ratily  and  didn't  as. 
ptriaooa  aay  ra al  larga 
attltate  ebaagae.  Again, 
aow  taadca-y  to  oaelX 
lata  U  pltob  ate  roll, 
faal  to  varrjr  about  tbla 
a  bit. 

»>  difficulty  bat. 

Could  perfora  <*Jlte  vail 
vlag  tilt  c-At^il  wao't 
aaad  a  great  deal. 

Could  Vwr  very  /ra- 
tlraly  rite  relaxed  alow 
aatrol  aotloaa.  Yartloal 
lvkdlag  aaa/  to  pgrfera. 

little  tit  af  aacll. 
Utlaa  U  plteb  ate 
rail  but  aot  a  big 
prcblaa.  rice  ralaxte 
rww*,  low  raapowa 
to  turbuloKa,  alealy 
dMgad  eOBflgOBtlOB. 

t-n 

0.375 

0.2« 

3 

Salactal  t*  control  ra- 
l.Xdli  ta  twrtwleoce  ate 
alao  fltdi  eeolllatlona. 

Ccuite't  parftr*  air  taxi  ai  p-a- 
elaaljr  or  a«  anally  aa  daalral. 

Difficult  to  cattrcl  attltula  ate 
to  bold  a  dfflrad  velocity.  Could 
aot  atop  vary  praclaely. 

teca  problaa  aa  air 

taxi,  ]wt  couldd't  aaa 
to  coetrol  poaltloa 
rata*  a*  accurately  aa 
daalrte. 

Ssmtt  pro VI  aaa  a are  oo*. 
trolllag  poeltloo  t*>u» 
tuning.  IdS  try  *•»  u*a 
tba  vlag  tut  ccatrol, 
but  loot  podltloo. 

borer  «Mi't  tea  great  a 
problaa  baeauaa  didn't 
Introduce  larga  aontral 
Input*.  Didn't  a  ft  Into 
ary  cecllletlaaa.  Awld 
late  alrlgbt  Sew  inter¬ 
act  Ice  betvtoi  pitch  ate 
roll. 

Ike  oaclUatory  ra- 
ifou.  la  pile*  aod 
rail  annogrlAt.  Could 
not  law  ta  atafaUlM 
plteb  ate  roll  parti, 
cularly  vaU  Wile 
wooivarlac  aad  doing 

gilCk  ftopd. 

Uk 

*C5 

%  '  Te  ' 
0.1 

An 

O.)02 

0.2*2 

Salactal  to  dr*  deelrad 
reeponae. 

C>c4  raapooee  to  ooetrol  input*, 
▼arjr  (rtdleUU*  attltate  rvfpcoa* 
ao  proUoaa  at  all  la  ccteng  v  to 
a  daalrad  velocity  aad  *oldia<  It 
ate  atopplof  at  daalrad  poaltlai. 
Ukad  tfaa  larga  drag  paraMar 
tera.  »d»'t  wwrt  too  «*to  alout 
MI*t  U<m  »*wt. 

Could  atop  vary  fuiakly 
ate  prac Italy,  ted  ao 
jroUw  rtablllsUg  oa 
rate. 

Attitude  ao  aaally  aoo- 
trollad  ate  guta  low 
a»co#»  ao  that  area  vita 
hJ#>  Mag  dlte't  bare 
dlfflaulty. 

Bo  problw  la  borer. 
OeoaalowUy  would  get 
blow  off  poaltlca  aow, 
Vri  ao  rote  difficulty. 

Ba  real  afajaetlowbla 
feature*,  lb*  large 
drag  aad*  It  acawfaa t 
difficult  ta  attain 
lateral  ate  locgltudl- 
nal  valocltlaa.  Oood 
attltoidr  raepooaa,  drag 
*Bda  It  aady  to  *tap 
prvclaaly  ate  rapidly. 
Ibid  1*  a  goad  oaaa. 

U3 

Ki 

%  '  r4  ' 

0.3 

afj 

0.29$ 

0.25k 

2 

Selected  to  get  tba  ra- 
rpcwe  far  roll  ate 
HM. 

Could  parfora  air  tad  wary  wall. 
Attltwda  aaa  vail  datcad.  rarp 
pradlctatla  ate  ao  oaclUatlou. 
Could  atop  a^cwataly  <v«  to  tla 
fairly  larga  drag,  feat*  no 
aaooyaoea.  Vary  good  oaaa. 

Cculd  *t<*  talta  pra- 
Olaaly,  ao  prcUaaa. 
Urga  drag  balpad  atop. 
Site. 

Nrf  crate  tbla  aubtaak 
vary  vail.  Oculd  taka 
ayaa  off  attitude  ate 
look  at  Tig  tUt  ladloa 
tor  vltb  ao  problas. 
Cwld  tUt  tba  vlag  w 
ldly,  tbla  m(«nM 
vary  alealy  fcr  tba  naan 
vlad. 

Itoetr  no  problw,  war  mu 
rertloU  laadltg- 

Ba  objectionable  r*a- 
tm.  baonuda  of  good 
attltuda  cterastarldtlei 
tba  ll|fi  drag  vm  so 
proble*  vbw  perferBlte 
tba  tun. 

Li4 

SC5 

Te  *  Te  - 

o.fc 

jura 

O.Jkl 

0.J12 

3 

Salactal  to  cat  ec*quat« 
tttltvb  reepcoaa. 

daUtlaaly  good  joaltloa  e octroi 
durlad  air  taxi  tut  raqulrad  ra- 
latlraly  larga  attitude  cMagaa  to 
gat  aircraft  ratpoaaa  !■  tnula- 
tloa.  Could  bOTtr  fairly  vail  at 
tba  «<nara  aod  could  hold  MMJ# 
ate  altitude  aeourataly  bacouaa 
wkload  la  pitch  aad  roll  voa  loa 
Ocotrol  daflactlwa  nr*  anil. 

Vary  aaay  to  perfora  ba. 
caux#  of  tba  high  drag 

of  tba  toaflguratl®. 

Ufriault  la  that  oca- 
iltonUt  vlag  tUt  oob- 
trol  fate  ta  ba  uaad  ta 
affaat  tba  aaan  rite 
affacti,  fcjt  vltb  aatlel 
patlc«  pcrformaca  vaa 
fairly  good. 

Mtvar  «*i  fairly  good  a u 
tbougb  rith  tba  blgb  drag 
got  puabad  a route  1b  p«*l 
tlou  guita  oftw.  IU» 
degraded  xy  rating  aUgbt 

iy. 

tba  oa)y  ofajactloaabla 

feature  w<  tba  larga 
diaturhaaca*  la  poat- 
tloo  ter  Agfa  tba  drag 
of  Ue  aircraft  vbUa 

borer log. 

vn 

O.kyj 

0.36} 

k 

Salaried  to  tala  tba 
attitude  raapeaca  needed 
to  erareow  la**. 

Cadd  ptefc ra  air  tad  fairly  vail 
Did  ac*loa  that  tetaa  HUMivarlag 
laterally  Uodad  to  gat  blow  off 

So  problw  vltt  tbla 
task,  cculd  ew  to  da- 
alrad  ryot  ate  atop  fair 

tdd  tbla  «ilta  vaU. 
Attltuda  vu  rufflclaat- 
ly  vail  dMgte  aod  coo- 

vltb  rapid  rug  till 
could  rotate  ttrugt  gUek 
ly  aa  a*  ta  keep  fairly 

Only  objectionable  faa¬ 
tura  vae  mil  lag  la 
raepacua  but  that  lad 

hut  baadlad  teaaurv  fairly  veil. 
Sow  fairly  wall  oaclUatlcw  la 
attltuda  that  m  tiffin U  to 
daw.  tut  ao  grate  prohlw. 

larga  drag  bal^d. 

rrltcb  vlatOB  batvaw 
vlcg  tUt  angle  ate  dis¬ 
play. 

po«! tloo.  Ywtleal  land, 
lag  aa  pra -lax. 

tloo*  Milch  wore  fairly 
pari l*t eat  ate  ragulrad 
aow  «t  teat  ion.  vaU 
JMgte  attltuda  rexpowe 
low  reepooie  ta  turtu- 
lease  ate  tba  large  drag 
helped  In  fairer  lag 
ate  quick  itopa. 
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Mk'.Im  *t 

Centrcl  laMitlrlttaa 


fcw  M*  llRMt.  MA 
I W  »»*  tka  fMtt  tkm*sJ  Mm  vaa 
|  UM  «♦  *at  id.-*.  «rr  1  U«n  aft  paattlaa 
U  IMIUM.  ym UmI  I  parlMlaall/  vfcaa  *r/- 

U(  U  MMflV  M 
kwv.  HMtMlWl 
rkaractarlatlca,  «*U 
1 —  nry  ■< i  ti 
taWiMn,  c^crtakla 


|0*a4  UtlM*  « 
tfUM  k*M  « 


0«U  (•(  tvt  <Mlr« 
n^dtr  aat  Mwm 
C»lt*  mU.  at ay  mt/ 
imlMiir  «tUo«t  mt 
troukla.  /ttltuda  mo- 
trot  Mil  4mmI.  vary 
iwteutu. 


tto  «r»*  vitMt  mt 
AUtimiltr.  m  u  aaa 

lilt  tut  M«l»  *  «M< 


Mr/  I  M«  tut  not  Ufflouit 


CMCtMkU  fMtWO 


lat  to  c«t  dM'xa4  attl-  Air  t*d  fairly  *mj  m«t  ttat  kalatlrvl^  may  to  par.  furl?  «uy  mt  tJwt 

t>tfr  Atiltada  fairly  larr*  attltUaa  ro^lroi  U  tor%  Uat  Ur*  eomaatrattco  1*  ra- 

«/t!M<c*  Mil  -***4  Mt  1UIUU  MlM.toMWf  MO  atop  attltadaa  AM  r*plr*4  ctlrw  to  OffMt  tka 

•Mil/  otatroUad.  lUxly  praclaaly  at  M»lrM  polat.  to  laltlat*  tea  mile*.  mm  vl*a.  CoMldarotlo 

MftocttcM  rvlattraly  tMoat  ro*atloa  la  r*. 

"*1X*  rilrat  to  MlatUs  ko«w 

li«  poaltloa  la  tb  pro. 
MM  or  tea  MM  MAI. 

Saloctol  to  ccuatwart  Air  tart  »o  rroUm.  til  act  lea  couU  atop  gilt*  AUo  to  rri'a  car  tka 

tha  em-lac  offacta.  m*  :U#t  «m1U*U»  U  roU  u<Imm  pcoVlaa  •  tu  cyot  Qilta  vail,  1*. 

aol  pitch  la  rMpmaa  to  control  *ir4  op  M  mUtUUm  croaaal  rata  tm  rls# 


MtlMl  aoatrol  U 
r»4  vita  r«r/  llUla  *ood  aaJ  la  no 
pilot  ottaatloa  ro-jJlrol.  arUaaaa  oT  ooctrol 
1*0*  Is  tka  a/ttoa. 
Moat  atlotlcMkla  faa- 
t*ar*  la  hi*  *• *.  la. 
partloUar  tka  rut 
affaata  aa  poaltloa 
tiitart  tka  aircraft. 


Mt  rot  Urg*  a a4  vara 
•Mil/  «ftn>U«4.  AUa  to  par. 
f«ra  maaurar  *1U  accurately. 


a  aoaataat  rata  «j*!c*  tilt  Lalpa  tola  a 
tha  fulek  atop.  Ur«a 
aroM  ata^lUty  Uda4 
rapidly  ud 
rraeiaaiy. 


CmM  korar  prMtaal/  00/  ohjartloaaala  fw. 
with  rajrl/  U«1  tad  ac*.  tjra  «a;  the  all*t 
trol  lapute.  TntMl  oaclUetlca  la  raapoaao 
laadlac  ao  pa-iim.  UeU  t>  roll  ac4  pitch  U, 
vla«  tilt  to  kalp  vttk  pit*,  hut  Mt  port  leu- 


lf^itirtlMl  pot  It  loo 
coatrol. 


UrlT  had.  lota  of 
daapJcr,  lev  raapoaaa 
to  *iata,  ua  taa 
Orac  valp*t  aaa&-rarl*« 
•04  dida't  aaaa  to  da- 
<fada  korar  «■  Ua  tura 
•aoavtar.  im  to  cloaaJjr 
•Mck  vt*t  tUt  u(l*  la 
tka  tana. 


Mlaetad  to  aoatrol  Ur-  taapoMa  to  eoatroX  VtptU  v*»l»  CoJ4  parfcvw  Ua  taat  DU  Ula  fUil/  vaU  kLt 

erut  raa/MM  to  t-irta-  km  aaaa  lUrlp  pra41ata>V«  aa4  kut  rrall/  kU  to  vaWk  kU  to  do  It  aloal/  ka- 

**•**•  joobakl/  aaovtakla,  urt  tka  tur.  for  tka  of  »uta  aaoaa  of  da  affacta  «r 

kuV«)a  affaetc  vara  tv  Ursa.  toa  rurta.  Oot  lato  #<m 

CmU  parfcra  tka  taak  kut  raUl/  fUrl>  la^fa  w  rala- 

I»1  to  a  cm  strata.  UffUUt,  Mi  tlval/  aaalUoUr/  attU 

to  ocoataaC/  ka  taklac  oara  of  tw*a  «Ma«M.  Uaad  vlac 

tta  affaau  af  urti  am  WvctU,  tUt  cmtrol  a  good  iaal 

to  mka  acra  vaan't  kloav  off. 

BlfflaUt  to  kold  tka  taalral 
•velocity. 


dial  fa*U*a  akcwt 
•kUlt/  to  kr*ar.  fcna- 
tlaaa  aaaril  to  ka  akla 

to  4o  It  ttislf  vail, 
otkar  tlaaa  act  to  vaU. 
0c*O4  ta^i  It  clrldkt. 
lot  of  ecartrol  actlrlty 
U  Vj»  korar  tad  UmIh 


lo  prcklma  eaoaft  U. 
fattlAj  tka  aircraft 
aorta*,  tut  aoJC  atop 
"■7  vawtWj  at  do- 
•trot  vpot. 


S-n  (•.►Oj  3 
O.kr* 


■ora r  ptrf craaaoa  (wi, 
Wt  414  *rt  Mas  arour4 
a  UtUt  tit  la  poaltlcs. 


&*U  fcjrvr  rocuratal/,  lo  rtU  UjactlouUa 
n>  pttMtm,.  Vstloal  f«atnw,  #o*a  all#n 

Uo«ar  vaaa't  partJcnUr  cacLtlAtlM  la  pltok 
V  umcult.  Oal/  lkl-<  and  roll.  Vfaa  gmmtX 
*«oo}lAt  m  tka  itffl*  joed  attltula  o&amtMr- 
oalt/  lx,  cattily  tk-  la.lca  ara  fa«*rtla 
trol  raapoaaa  that  mm  fMturaa. 


k-  ctffiMlt/  vitk  lu*r* 
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|  7UM  CcwoU  1 

to 

V«a<tn 

Sift. 

rwM 

V. 

Miwtln  •€ 

CWj  l  tMitMItM 

wunwltr 

tatob  3toro 

5iCO.Crsrva.fis* 

me  in-*  *rnr, 

•ntlitl  Us Us(, 

Jtassisry  ^tadei 

(V*ni!  PaNasl.s 

1UI 

» 

i>n 

O.Jl* 

«--73 

►.3 

tum«4  X-  n«r»«> 

Mr  lor«s  MittM  Mif  n 
«rirw  to  naun  MUM  tat 

toorlowO  >o01m  sss 

talvtaow  tto  srtlok 

to*  blsin  MOSS i  fdu  a 

1st,  tab  as  sot  crjlta. 

tan  rritai  toss1 1  tss 

too*  abjacttoskblo  fw 

T»*T*‘ 

•■3 

Mry  «**i*m«  4fm4m. 

iuil  Otar  •(»  rut  «•*:  If  fn 
ol*tw  OM  mU  tanr  tairi/  rail, 

CmX*  otof  colt*  on*!/ 
a*  dootooi  ;*tst. 

UUvtxtUl  total 

titt  i«i4tatlM  u 

Nora  «K4*f  la  pssltlss. 
QMtal  tAMly  nl*Uw 

f/Mtki  iawl  to  cosd 
•  Uttls  as*  Mtolbt- 

1 

putUs  ONMftaoUr. 

bmrlfti  stotUto. 

toy  id  cvctrtl  <s 

scrlxf  v*tca  star  tor  L 
*1  ksAImi  tc.  4r«i>i 

Ufa. 

t-n 

C.3>1 

j0.«7 

> 

nu«t*4  plMUr  M  v* 
totitsds  nhr  ««M 
Ml  to  ««Ci4  (tt)Mb 
Is  FtMM  «<  M»:i. 
ttass  (aM  nta'I  tM 
(UTMt  t* 

InyMt  to  sooArsl  !«cU  i  so 
vM  mUMwy.  rsfr  wra 

iU*  to  uniats  sot  las 
M  obsMUro  aad  Mid  Css trod 
uLOtM  yitty  vail,  rtMw» 
sscLDsury  oboowtsrisllso  did 

dotaiU?  cvsld  terr  t; 
too  Otov  fairly  m. 
roWj  osd  toU  tor 
stUoot  tss  auk  4ZTU 
rn^ty.  KM  (tx  oros.- 

Vto'M  tU  tto  to  a* 
It  tors  omoslt  ttaa 

If  «m  4mU<  tod  toss 
wilabli.  tay  14  «Ub 
tilt  -Mo  too  HniM 

fctor  Ml  yartlealMljr 
dim  so)*,  alttosta  tod 
to  tatal  pat  sTTMto. 
Mtltabs  olitatly  sscU 
lotory. 

Cohort  lunat io  fasVrras  - 
■lltatly  .ftlJUVccy 
osfOMsrlitltl  la  v  U 
a»l  |'U.  /arvssalo 
foabaesa  -  bln  tat 
bslyto  writ*  tto  mim. 
wlM  aal  odet  Key. 

•  Uttls  stab  trr'M  to 
scat  to  t  OsM  >ot 

tla. 

ttlKMM. 

t-w 

6- If* 

o.j* 

7 

tslorttl  t*  ssokrsl  tar. 
tut  nil  w«  sir*  orfosts 

CoaU  yvfoa  Os  UO,  Vit  rory 
(im«ilt  m<  sot  osry  ro-s-isoly. 

UfRcsU  to  omoUV 
tnniUoi  Cosirsd  yds 

KfTtalt.  tot  My  «ff 
la  kMf  |«s!tlis  a 

to't  a*0*  to  Noror 
jirtlr.’wlr  veil.  x*M 

At  11  tads  natal  *07 
•bloc ties* bis.  tail 

Us  toa unv. 

Mi  ant  MltOtUy  tsJi  KiC 

or  litw  no,  soysdMUy  U  NU. 

cot  Uto  fbirl/  lores 
ottltrdss.  ft«r  yarfor- 

•tastljr  roll  La  .a* 

ytttotob  Mf  oaUtslac 
bask  0*1  focu.  brroL- 
roilSf  ttobillaib  au. 
told.  Uosd  csasllomtlr 
slag  to*  «*tal. 

ycoltlco.  tailii  Msi't 
rosy  yroclao.  IKtf 
osatcsl  seilrttr  ti|i(n4 
tUblflcirt  as* oat  sf 
lstautkv. 

larya  siooi-ovtoUlt? 
offsets  mo  ***•*■ 

1*C  t*4  toT7  SactU*. 

»sry  iklfuk  rtorseVer- 
title*.  Tory  fifficilt 
to  ovablllto  wee  m 
ooclllatics  otsrtsd. 
IMWbt  vsr  /  carsAU 
Meat  crrlsc  tc  sta. 
blUzo  ottJtsb*  ta*  to 
tfysstot  lac  olfocts. 

ua 

Jrt 

;*’i* 

e.< 

W1 

0-w 

< 

•alsoto*  U>  eMril  Isrc 
MlDatlm*  «Llo*  rswl 

iv  »!ttt  m4  roll. 

♦ 

tocyosos  U  ffitrtt  'onrta  to 
my,  Tory  tfutnoU*.  U/s» 
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T‘Hfir*  ~r  U«  rf  MMNl  )Mr  to)  )tk>.  4mm  «p|i  tfwr  mimUj 

U<QU  Mml  retort  MlMltk  rwyrto.  I 


<*><tlaaakla  ftototo 
•to  tot  into  to  laac  at 
•■Mnl  »m»»  toli< 
fitort  »■»■>»  m* 
ftiMrt  fiM  atapt. 
otto*  UM  ttot  It  M« 
•  paa*  totolcvatlto. 


t  far  toil**  am toto  tor  toU  Mtltto  toto>  "•  NM  mmmi  Grtlaa*  hifUMU*  *m  « 

n*m  f«r  to»i**»rm  *«■<<  m  wuii  wlwur.  tofi  i  ilun  totnittr  t*  imito  «m  to*  i 
ta  totuiyM*  iw**M  tto  mm  <tortl  to**/,  jtu«  uitaui/  •>  um 
n ^H%  patlUm  tot  i»  totol  |tniNlMVr>  M  «t  t»  w>  im  wniwl 
ikt  tlr  iwt  nrfito  ,1 1  to  to*  tlto  ltot  aaatral  af  tto 
ntot  «miUm*  Ito,  ••  to*  to  airaraf*  »wr  444  It  to. 

tolAlto  «M*—  as*  *.lra  **Tf  mm*  fUM 
toaAlap-  attoatlm  to  tort*  tot* 

tu«  in#  ttot  uk  «r  • 


7  paa  .tomrla*  Ml  U*tlH  «M  CtotoU  tto  tort  tkj**- 
*  **l«U**l  Witt  rtry  llttl  ttrml  tN*M*  «M  tto 

1  tilt  MM*!  totlrttj  totoltot  altpkt  iMltttia*  «T 
aaatral  jtol  Aw-laf 
tto  t**  «t ■/  ■iMi  to 
tot  it  to*  tor;  Util* 
•fr*rt  m  tMk  rufiw 


*-njo.*o|  5  Mitot 

1  i  J  tltoto  rM 


t  tto  at-  toto  w.to'11  to  aattral  top—.  torfatwa*  tto**  alto  m  to;  to  |Hm  toto  tot  *lffirtll,  /lto't  M*  wttto  a  al'-tf*  Ur 

»  toatra*.  a*  proklm  laUtatlar  «to  a  ttot  1-  rtmtaitjr  ato  MM  m  »1i*  tilt  mXj  *110*17.  Mtlto  Mr  to*  to  Mr*  to  Mral  ywr  «m* 

lUK  nUritlM,  ytoiU/  «lr  Ito  to  «rtt«l  (wr.  fmtr  tor*,  tort  lit)  «*  tolw  to  mUIi* 

mm  or  tol*r  totl  w*r  *  Mil  UK  Utolto  to  «mMt.  tort  to*.  MU  Ml* 

•r  aaatral  (!■*»■  tot  J*««U|  t >  aaaftpMatlaa. 

aft*?  mala*  ttow*  toittolwHyi  I 

tot  t tom  tor*  nUlttol*  t'to 
•  (ttot  •. 


:-n  0  JOJ  •  5  tolatta*  U  rt  «*  at-  UrwUr  wrM  iwho  tto  toll,  M*>t  «— t  .HIT  my  Nift—4  tkl*  ttofc  —t  Itof  Ml  itolMl  IM*.  ton  ttJM  toto  Uto  t 

tttoto  mm*  »t to*  1  0*n  *»  tali*  Mil***  tto  tow  a*<  yrtoVto*  tor*  tot  «•**  a»U  «tU  llttla  aim-  la*  m  totto.  ChU  <tonl  pmar  mim 

U  •vtream  th»  4Mfn|.  f.Ml  to  tr  tto  p*t4  totafal  atoa  yltoklrp  to  tolty.  Mto't  tow  to  p aifar#  Ml  rcrmui/  to*  t»  aatok  at  let  In* 

toll*  — rmrUc-  Alto,  ttot*  to  Map  tto  totlto  to*  Mar  tut  Mini  *  aUaeto  mA  totivl  ptoa  to— tot  1*  tow 

to—*  to  to  mm  «11«M  yiut-ap  |NM  tori.  aitlrtty  to  1—  tiu  1*19* 

tw*i*V  tot  a/tatolap  "ilMltM  pitot  atilt— •  wm'i 

tot  1*  to— 1  — 1*  tofto  tlC«  tomlrpa*. 

|  Irak  fairly  mil. 


tw  C  »v,  A  toltotart  to  trraw  at-  »i  yrtkl**  farfanrtap  1— .  SamtaUy  a*  prafclm,  to  —a lap.  Map  tUt  toatlHa*  torn/  to  nr. 

tU—  M*u«  Tto  tot  tot  I  to*  mm  alltot  to—  af  aapaatally  UAamlly.  —1  —  ato*  to  *  tlcal  U—ap  Mt  Aim- 

O.I«  4raira4  attU—  i*.  aaatral  — ar  mm  mm—  rta*  **«  ttjUt  la*«t— 1  *l<fSt  wlwt  *m  tor*.  mH  to  trtorartlM 

■MM.  f«— ft  — 1  attMtol**  to  an* *t  fid  tto*  Ntiea1  lllpl  wrMM  «K<>  M|to*n 

—win  MUnUar,  tot  to*-  arfiMmy  ta  Malr«l 
mil/  — U  yarfer*  um  m*  — ar  «—  atto^U*  to 

to— a  f*W  a— toly.  —  (—ft  MM.'itiai 


Oar  #lt«K  K)Mt— 1. 


tonal atoy  la  —tra! 

toaa't  a  t*al 
tip  to«UM,  —Mr. 


H  9  *97  J  1  I  Srltttr*  t 


V  -am tolly,  wry  K*.  Jtaala  I  Cm  atag  airaptl/  r»l  Cadt  )«fw*  ptl*  « 
allUnto  (wymlkV  to  Mint  <Jn<|  tint  Uct  0 1  —  to*  t  I— *  to  *ar  to* 
rt—llto  ntoclllaa  vlto  to  fttfnltral  uaawt.  to  Ur* r  me*  vt*  tIU. 
toltp  —  atop  pMrftolr  1  altltot*  artl— . 


to  rtolto.  Cm  to* i  r 

mi  to  mill 


C>  I  ton  0.510  7  tolartai  V*  Mt  tolifl  Jlfflnlt  to  tel/  Ic^u—mI  Ptmaall  to  — Iral  Al  Uari  antot  put.  |  Caal*  —a rail#  toaar  OtjrrtltM*}*  ftilina 

attta—  n*mi .  ulte*^  total*  a*  a  1—  *t  pmUIm  tai  vaUaltjr  Um  fttot  at*. II—  a*  par! Mar  wt  Uan  •**  tori—  tofiei— -la*  la 

•  0.500  m.299  aMiral  p— r.  tom—  mm!  wMinii.  torlrto  in—  «*  tto  a—  rr  Vrtaa.  to*  tor  **—4  prvar. 

torpa*.  tot  i#rla*la  part  to  a-  —to.  MUM  alap  A-ftlaait.  to*c*t* jrj 

liitmu  mtiflaa  p— I—*  tilt  a  fml  Mai,  «.*.  yantoaa  •  to  lato—tt« 

•  V*  Wto  vUcb-ap  attll—  «a*c  ncalt  ta  Ult  p— ttaa. 

-rrratlag  valacltp  tocnarr  to 

•  01  tontUrl  aatoral  poaar. 

C9  tn  O.Jlt  &  tolartto  to  aatra—  tM  Coal*  ataUUaa  taUtotna  ftorlp  Ual*  paifar*  Mtoato  Ca«J*  p# rfto»  ft  1  fly  *1  ,totla*«  a  Uto  to  aotoral  totla—U  tofloa^ 

AM  aa*  pat  4a*ira*  **•  aril,  tot  tf.iaa*  OtolHaarlar  ta  falrlp  aall ,  tot  tol  to  OlM't  t— —r  yratlma  mm.  nt It— alto*  ta  «artr»l  tosrat . 

•  0  JtO  0  2 **•  tl»—  n.pMw.  aaatral  p— r  y—  call/,  to*  to  to/vfal  to  pltat  *tU  pit**.  Mitral.  V»a*  plrk  la  raa-AIn 

—  Aimatllr  —rUIn  |IU*  CmIM't  —  tto—  tM  alto  tilt  a  <w*  tit. 
amt— .  to*  to*  to  0—  Up  «arp»  |ikripli| 

,  ■  W  pitots*  miu.  | 


Mt—  tair>»  Mil.  hlMlwl}  topi'Mi  Wp  alt  it—  toprtraa  mm  afftot  ut  Mr/a—  m  «|U 

Urp*  attll—  ana— a  «rra  ra,  aupi.  totlaa«  o—ntl  a—lMiatl#  atH  t'lt  «n4,  mi;  *  Im  Ural  0 

pCra*  to  mriM  tr*  tn*  to  tto  war  at  Arfialaarp  4  ft»  to  cfTwt  tto  aaaa  «l*t  ptlat  affart  rapalra*. 

alrtrtot  OcraatOMll/r  pn  al— .  itvi, MHt'arll;  awalto*  rfraeto.  Caatral  —m 

aff  p—  tftofc  kr  part*  CtoclLu  «r  a—at  attU—  to  pitta  a4tp»w. 

wre  pdto  atoprta  far  mm—-  adtla*. 

tw  aaAtoto. 


AttU—  m  Mt* 

toataallp  p—.  0*1/ 
p»a*lM  im  tM  butrai 
tM  p*rta*l tally  ton. 

«ft. 


to  kart  a4  to  aaara— 
•atota*  ato  V*  pH  M- 
alia*  aUlt—  niyax 


to  AUft/alty  CmI*  toll  toatra*  torfar—  t*la  Uak  pto-  ParfamU  —to  aall  Prar.tl*  torr  art  atr-  u*t  «f  wwil  —r 

HlMlllti  cart  IM*  p»n*il).toi  fiHlk.  HU  alttt— a  aUtowt  tM  art  Mirtl  llaal  1—tat  oaa U  to  van  «va*rt«. 

*  ar  talM  atilt—  pit  IUm  ilf  w4  —  tolraltlaa  at  trout  actlatlp  ar  lac  praal  a  K—lltiH  p**|n!/  A—irtng.  Mull 

**»  aratral  —  ta  H.  atftloillr  mtln*  OaC  vlap  til  attk  aaarrato  taatral  w)u  tonnaaay.  It 

aaaar  toptAlp,  Mt  a  aa>»  praaiaa  1  —  Ml,  Irtmr.  *etlrtt>.  paMral.  tto  rtanpar. 

1  attar  vm  aall  4aapM, 


rr/u&UAA ^anfS3UaUKC.a^  tLi 
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'lAtSi-E  B-  7 

PILOT  COMMENTS  FROM  THE  STUDY  05'  LONGITUDINAL 
-AND  LATERAL  INTER-AXIS  MOTION  COUPLING 

Flying  Qualities  Results  Given  in  Table  A- VI 


pj  i _ : 

*  ^  J  '(j  {  *  |  ^  *  et ' 


•  il«t  for  «t'U4  fttm  j  tJ-.n  Ur  «•  W.wJ  t*t«*'**>  I  hutmxi  ft>  !•.)  u<  pMftrxv  ...  nv^mll  «.IU  iki  It- 

I  i*»  atr  »u<  |«4  <4U  *  >UI(VM  af  nui  <f-  j  yl'fa  *04  rc~.  WM  |  ntipol  »fy  ItttU  lfi»*  *«>  —r,  ;mi<  iiw  vk.it  rt»ll 


I  <V  Vitro’  «•!» 

’  mW  U1]M4.IV 


J  tM»  «tr  0»v*l-|  Wrv-t  ula 

1  ♦**  I  TV  *  ni  fr  vvM ' 

I  b««yt*4  a*4  mu.M 
1  ("INI 


j  j 

j  t  r»  l  W  j  1 '  | 


»JlM  yl’-f*  U<  { 

r*.I  u*i  n.  | 

•  *U4  t»  CM  J 

rad  rt  ttr  .,khR  Mi  j 
to  IN  muni  l«y.t  J 


Strnmi  4  f*t  Mt.fi.  j  w  iimnli  VMXtSm  C"»rr»l,»  wiM  r*rfo.a  j  <o  tlfHJiy  tit  a*a  jr-«rt«i.A  s 

alfair  ;*t*»  j  -tliw,  wwtk  VlrttU/  #**  !  fairly  Mil,  V^nr  Utj  •>  »,««  i,)>  »  tlMl  Uailaj  -vji 


■  llcUUa,  M4  ffiklJ^r 
j  Vnt  ■»  ,u<?  O<oi  lr 

j  riUvr  }iu»  or  roll  iin.ui 


•  t.vf  I’m'  irjilt  J  V* 

tO  Ulttt  MlxMlI  t  MM 
4**».  U.  Htiol^f  roar  | 
awra  «r  ,9  .I'll-*  j 

j 


t  Mtf?:-«o.i  TT*  ,tl.  a.rl  jyitft  litirvtiM  it 

IJltM  li^rwt'M  >tt  191'tt  tt«j«  unnr, 
if'f  »XtMl  WT4t  l-Jtkat  1  (f,  1  •Ifit'lMi 

j  •  V  Tvlfl  »“.*>* 


j  to  ml  Uffl’Vj'y  ccnjlir, 


j  1-0  |  P  )*9 !  J  }  1  Ml. ct«l  ••  *  cvacrti^rri  *o  ml  Uffi-Nj'y  ccnjlir#  {  (x»»14  ttaa*  yra-  J  »«  jr-» 

1  0  .VI I  I  **:’rT't  »*M«M  ftf.to.j  tffirt  *w  <mn  »•  *.M  of  4  I'aj  f«aal>  m.-  |>'.  iMv  J  vtrf.tl 

I  |  J  tl«  of  att!’***  ft-  j  itttfalln  it  otrtiol  j  My  tl«.kl<  t*&  .'Ul  1  tuj  a 

I  I  j  t«n»««>  tfro*iS  ««-  I  l^rti,  n.t  f***r».ly,  .t  liar  x  I  ^r*«>»  tMa  imi<  u  J 

J  I  j  »H*g  «r<  1  "4  ‘tl«  *•>  j  affrrt  aMltlj  la  MHrol  j  pnfM),  a,  Kiln'  ) 

|  .  ftrf.rol  4*«tuav«l/  I  rrHa.it  t.*  X  5 


„U _ 


J-  rnaaat  or  t  , 

ft.  \  Mi.  w  tab-  tut  | 
»otk  »fff*»  ’«  .OSt  J.  | 


*•'»  j  9  Jft  j  i>  5}  tat  t*  «*'-  4a«ir*l  s'*  J  Xrltj  at-  ml  »i  »/r,»t  •,/  .  nt«*  tm  rcii  .»f  J'r«  mi' t  to*  4>rf1«vl* 

t  u  }*<  I  myo'***  for  aatir.  (  <>»?l*i«  Mtivaa  fit'k  im  r/.  |  *v»  Nai.»  u(n  *H1  -rjj  mmU  mm  %  of 

1  '  alr«r»r  «.!•  I  Mat  TWa  MpMt  to  j  Cootro.  01  trUlw  aaa  -*4vat  rout'  jo  «ai  ! 

‘•<4  j  aa.itala  irxM  *r*'k  tms  -o  .Vy|  V«rt  >4  u-eu«  "  .u,  vilr*l 

jji  j  »lt»  prtcljia-  Jjac,  iootca*  of  j 

I  *  |  I  at^'jpa  j 

ill  |  natcfct  vtM'rol  toJ  J 

(  I  j  «rn,rol  <at  «.«-aOH  ( 


|  *-n  0  srf  [  *  Knew  t» »»»  to* 

I  i  ,  {  *  attl*«»**  rot^ata*  will 

|  I  0  i'3  1  j  ark  tkao  to  W  arrt'a 

j  j  I 

I 


:  cy.'t  prr-or*  Vaat  r-iatirtly  va.i  lca(xX  Mlaai  jaj t*  avsn  Slto't  farfva  tt.a  t. 

’1  'W  Ktti  kV  Ml.  *  .  iWi<  «!•  oats  t  *»o  ejfical.  ;«ailt*ly  a*  rfr»<  ( 

,  «t*.t  MotUo  >*lr  uutt  vf  altaovM  u*U4  to  y,t  •'  to  attlt—  o*atm  41 

I  aifjft  to  inj  f»i.t.  I'MlJi,  i*"t  t  lr*ar  .-»t«l  to  floltj  Vl€  w  'h* 

‘  **  h"-4  -ir-lt.  IM  .-r  ..  ....^  .4-  --  ^  tlll  ^(K 


«t*.t  ootuo  lair  uutl  vf  j  altoovM  u»0a4  to  7,\  i4 
aifjet  to  INJ  t'11.1.  .••it- 0»,  |  aoarvt  t  Iraar  fatat  to  J 
v«  ao.4  .alo*lt»  aa4  vt  r.or  *#«■}  tnia  tr.UW  thr  j 
ot**»r  |  all  a  ’aural  Me*  J 

[  141  kuh*<i  *’t*  !,'•  } 
j  fltaJt  >ar»*tr  Of  *A-  I 
I  >UM  *1111  kl’n.UltirW 


IwMlbi  acrar  .♦!  r*r*  Cva?l**<  tnita*  •**! 
jt.eal  Ittiiv  *0  ytv.it  rtalni  iom  il'«t  to  I 
1  A't.t jOa  liUlacl  .j  MMRl  MaJa  aoaaWat 

tfro*!*1  t**  c'Nfkir*  Tt»  nu.a»  tMiial  1  *?/•.» 
CM- 1  a*  **•  *>14»i*.  u  ao»>  Ajn  tSa  aff«tt< 

«£•  t  r»Mr*  too  ir.«r  of  onn'w,  M  oMl 
iffor.  t<  toatvi  atll*  .ctfoi*  tart  pel* 

aljraly  rr.i 

aratlalor  ism  lar'MrtVtM*  \Jnil«nk!t 
«•  frlrly  «--M  tat  Mi  *A  fi.ltt  mi  tU  *  A'}  11 14 
ft*  .art  to  ta*  .ov  fin  ;  Utvaaa  IV  tittfc  tut 
epwtey,  u*;j  tve’r*.  |  roll  .in  workloai 

1  iai  fairly  H{t  a»i  v! 

I  ’0  a**  •alatlraly  aMll  I 


jir«c)»irt  U**»  ui  -«r  Tar  1  avail  14  It  i,*‘i;-  I 

tltal  Urlliy  not  too  tlooat  a  »m  |.v,1im  I 

^Olffltult  Jrf'rltaJy  .  t'^t  “f'jrt  V  HHmU  I 
j'ca>l*tc  la  rnoaat  It  Wl  cea'roi  «Aa«taV^| 


Li _ 


I  : 

_ j _ L . 


taO  fool  'tMfol  flarafT'>rtati((  fcwr*l  1  lltlla  t.*  ty  prfrr*M*  ««•  (Wt,  jfi*Milf»  VII;  firfif.  “jiw  oajafttaoaala 

.4  »ir  tul  Co.1*  f^nfUrs  utr.ro  jit*!  jllktl*  urtMl  affort  r< -j  aaA*.  too»  »>*  ,i*»U  eot.-  ! a*4w»  *.»  IN  m 

Hart  yi'U  "il  vi  iV;  at  or  rvU  la.ll  .'Mr**  aoi  »**■<  ’it*i«  Urol  acf*lt>  i“lJir«4  toufltry  **r'aj  1a 

*Vr«a  yc-lit  ‘onro*  »A'.<x •  var*  cratro’  iaont*  t*l  hi,'?,  .threat  \r  «  ra^lrtt  |  a****.uOa  'U4.1  « 

r'latl**' t  lo*  *ai.iltal»  a M  )ir  aofvlar  rata*  |  ■  ra>  4  *ootrol  lew 

J  fr*iy*fif>  I  «.(h  <OL«tb  ffxtro: 

j  lafjt*  aM  rrtitlo 

|  In  M^ilai  rvttr, 

Itontrfk  >1.14  *t 
_  I  _  nOtl*aaV« 


*C  l*al  OkJl.'UMMlf 

r»»i^*a  ccmjX;  14  •* 

cftleaatla ,  fit  lc*»n  t 
ir* air*,  a.y  f“*«t  ‘A* 
f.rjtln  Tlc*l* 
4i<r«  .s«flctr»*lfMi 
aa*»  *0  ««trol 

“j*.  otjaettaoaala 
fiVM*  *.»  t*a  C'jotrol 
tMliff  4ar'3)  iajl4 
a* * •  tuta  *tx.4*. 
it?  i  *»i»l  liiati 
*.th  ao.«tb  foctrol 
lafjt*  aM  rakitlialy 


TABLE  B-V  (Concluded) 


to  f*t  «rii n4  j  Altitude  nir^r  niuK, 

lUU«d*  few.  MMt  of  «N)1I 

fHWH  l*»*rl»lly  potlM4  >1 

IWU  *W-»  ui  “laa 

UdwtUa  tM  rtqoirad  km 
tie*  CmII  jarffeTx  tea  utt 

kt  ittSUdr  wrtM] 
n|SlRi  MM*  ItUttlK 


ftalactad  to  e*i  tv  f».  ocsartUy  wt  to*  dfflcait  e«uia 
<r»*>  otalr*4  ui  t*  nuwwr  LuapltvilaaUy  *c4  Utar- 
fealp  Kfetftl  tv  JfTKti  ally  *lti  feMfltlM,  feat  wry 
of  'ccpll'tp  4afialtaly  w»*  aAQllop  afTact* 

U*t  utKI  npfetj 


tOt  |3t0  feme  ‘.Klf*  *t- 
Ut»4)  WIMI,  *  lot 
of  vote*  mM  Cjott 
ki|Mfjeu»l«  T*a4  to 
s*i *apa  attltvfe  wry 
abruptly  Difficult  to 
lUtlllu  *ttlM< 


fr*cl*l"L  Kwv, 

Tactical  UMlap,  CvtrKi:  r-*JL*t) 

itccatwy  ftnaadta 


feaaar  oa4  >tU«  Co^l'i;  «u  tlp'.fiMt 
••  nW**  Utrt  to  4itttA  atr- 

efearvetor]  atl'i  affac tod  cuft  ui  itfu'.n  aw« 
Motnl  of  rail  tad  *1*a  at  tact  let.  to  aitltad* 
vara*  Mitre!  tfeu  vwli  ) It* 


rntlilt*  hmr  4*4  ear-  P*  coiplinp  feataaar. 
tlca)  lardiac  cat  <*im-  roll  tot  yttft  m 
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toolroj  bltltmo.  tel*  tU  At/  oink  HU. 

Air  Url  M4  oo  (roblu  eontrolUc. 

Altl'dA 


HCAt  AbiAOtlODAWA  t AA. 

turoo  mro  (1)  lack  of 


Mol*,  curl*  ItAdl*  eoovocxo  tod  to  bo  oata.  tbrvtt  ml*  mo  jortl- 
ful  not  to  lrrol~p  too  hl4b  a  old  roto.lvt  UfcJ’t  evlArly  A«uyl*  tatl* 
Um  too  m'b  difficulty  Atrorti*  tl«k  r*to  aj  «UaA  oul  Ad  (S)  Amoy 

lo*  ao  ooro  mo  uod.  CllAb  out  aaaLa  to  10  ft  loco  lb  orrootlv  elok 

mo  vory  olov  til  tlu*lob.  rAto.  Utb>i|k  ttlo  pro- 
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Select—  to  |M  desired 
r«*(«en  to  wetnl  la- 
put*  ll  balgbt. 


SiImIM  prlnerlly  la 
»tt^t  te  control 
belyht  oeclllattrei*. 


Selected  to  get  desired 
rate  of  change  of  bel# 
aad  to  help  get  the 
Might  oeclllatlooe 
under  control. 


■aft  to  pop  fairly  do*#  *tt—t! 

to  WI4IK  ccatrol  «W  — 1 was 

lag.  Haft  to  lwi  Icpjtt  a  fair 
ea*et  la  order  to  arraat  deed 

aed  bed  to  b*  eareftol  atout  talUj 

«j  d esc eat  rata*  that  war 

act  too  large.  Couldn't  taka 
attastlaa  off  height  ccm'rel.  Al> 

thcu*>  1  cowlft  perfosm  the  — 

vara  .'irl/  wall.  It  affactaft 
tkalr  fiwUlo.  ao— whet.  Xiao. 

dse’t  think  hal#*  balft  m/  tot. 

W  then  abort  >10  ft  oa  the 

average,  aayte  a— at  at  lees. 


Ade*jete  throat  for  takaofr.  Baft 
ao  preblaa  rto— lag  at  ftaalraft 
horwrl*  altitude.  XU  coaatact 
altltMe  «wmn  vara  relative- 
1/  iur  to  f  farm.  Did  rot  tora 
U  (MoartnU  —ch  ca  alt  1  tufa 
aaft  toU  alt  1  tula  relatively  aea- 


ClUb  out  fallowing  takeoff  waa 


tkrvrt  to  develop  Mr  eigjdfio—t 
rata  of  cilto..  Itawar,  da—1 
issued  gtita  good  as  haft  wo 

tro-jMa  itcntM  at  ftaalraft  a 
wavarlAf  altitude.  Altltata  c 
trol  «u  gUta  aaa/  huiej  all  of  j 
the  MMtint  altitude  m«»ti 
laeiuftlj*  air  toil  aaft  tura-ow- 
e-npot. 

Ro  difficult/,  gate  ear/  to 
Dow  aad  — rvar  aaft  to  atop 
preelealy  both  vartloaU/  aaft 
laterally.  Could  bold  bel*t 
•at#  accurately  a*  11a  dolag  this 
Uttla  attaotloa  required. 


C<Mld  Mwmr  «ulta  wall.  Sc— 
coupling  IttrtM  height  aaft  roll 
Inputs,  *rt  ft  antral  1/  bel#t  very] 
(toll*,  vary  vail  da-el.  Only 
coup Inlet  with  height  control  la 
lad  of  thtvat.  It  tAkac  a  loot 
tl—  to  dink  out,  Howwvar,  can 
deposed  aaft  arrest  das a set  vary 
etruptly  aaft  (raclaal/. 


0kJ4  perform  tba  longitudinal 
uver  falrl/  aec-ixatal/  aaft 
bold  bow  within  JlO  ft.  list 
pradaloa  la  lateral  aaaauvar  to- 
cause  of  ooeoeotretloe  required  01 
holding  it.  Daft  alt  a  Int  •roo¬ 
tle*  batwwu  helAt  ooctrol  aaft 
ability  to  ccatrol  laterally. 


Air  taxi  aot  difficult.  Holding 
bel*t  Tittle  *10  ft  Alla  ana 
Taring  longitudinally,  but  vtac 
a— euverlag  laterally  tended  to 
develop  larger  bel#it  oeellLatloca] 
aa  ant  an  120  ft  <w  ao.  Think 
height  cootrol  414  affect  ability 
to  perform  — * ~f  tank  to 
aona  extant.  Difficult  to  atabU 
llta  height.  Haight  mi  la  alaoat 
continuous  caclllatlOB. 


Thrust  adequate  for  UkaofT  aaft 
didn’t  have  too  aid  trouble  atop-j 
ping  at  the  ftaalraft  altitude  foi- 
Iwlog  cllab  rnt.  Height  coctrel 
reqilreft  a  little  bit  of  attention] 
while  performing  the  ccoataat  *1- 
tltufte  anneuws,  tut  both  thrust 
aaft  ftuglii  aaaaaft  to  be  adequate! 


Air  taxi  coulft  be  ptrfcr 
ably  wall,  but  haft  ’to  pay  ilgdfl. 
caat  aaoust  of  attention  to  alti¬ 
tude.  Tended  to  drift  away  aad  had! 
to  correct  aad  lead  cootrol  correct 
tlooe  to  atablllca  oc  altitude. 


■•fOrad  eoaslderable 

attention  ta  control 
altlUta. 


■0  preblaa  ooatrolUag 
altitude. 


CM  parforw  rltbM.t  ftif- 
floulty  aad  oaa  go  to 
ralatlraly  large  attl- 
tadaa  without  bavlag  al-| 
tltufta  affected  elgaifl- 
caotly. 


bo  problaa,  but  during 
the  lateral  quick  atop 

did  aMpla  la  me 

height  aotloa. 


Again  lcagUudleel  vaa 

aot  too  baft.  Laterally 

didn’t  build  up  too  aaoyf 

large  srrort  but  rtlU 

feel  that  bei#t  control] 

la  Mick  too  poorly  ft 

aft  to  ccatrol  adequate!^ 


Longitudinal  qilofc  atopej 
ooulft  be  performed  bat- 
tar  thaa  lateral  oaaa, 
however,  la  both  1st ro- 
Paced  acne  upaata  la 
height.  These  were 
especially  proocuacaft 
for  lateral  quick  ateg 
when  altitude  diver  gal 
by  about  ft.  Unfor¬ 
tunately,  height  waa  la 
pretty  sKh  cooatant 
oeclUatloe  hiring  par- 
faraaaga  cf  gilek  etopa. 


>0  problaa  with  tbli 


Could  be  parforaaft  fair.] 
ly  wall.  Could  go  to 
large  attitude  chaagaa 
without  abrupt  change* 

1b  altitude.  HTrrrar, 
again  altitude  taaftad  < 
creep  off  aaft  aaa daft 
itablllutloa, 


fraclalca  tosv 

aad  gacaaftwry  *y  wire 


■over  waa  aot  too  difficult  to  pgrfoca  aaft  c«U 
atablllaa  attltada  fairly  wall,  m*  ftlfflcaty 
go  lag  down  to  20  ft  aaft  atablllilag  th«e,  taadeft 
to  oaclllato  up  aaft  don.  Alao,  U4  to  be  very 
eerwful  with  coUaatlva  lvla.  tlgpiflanat  aaut 
of  tlaa  before  rank  lag  eaalrvd  20  ft  poeltlca. 
Could  lead  aafaly,  however. 


/reclame  hover  parfo 
there  waa  very  little  eoetrol  activity  required. 
TW-uet  waa  nightly  daflelaat  Aaa  attest tw  to 
arrest  alak  rate  eo  haft  tc  watlclpaU  the  daalred 
altitude  while  laanaaHig  by  applying  Unit 
with  catlclpattca. 


Ifcvtr  parforaaace  good,  little  effort  required. 
Cdda’t  aaaa  to  bare  inch  trouble  amatlog  a lak 
rate  hiring  the  laaftftag  aagiaaaa.  fcwew,  haft 
difficulty  ollaklag  beck  wp  te  bO  ft,  there  waa 
juat  lw* legate  thrust  avkllabla.  LuUag  waa  aot 
partlwularly  difficult  aa  lo^  f  alak  late  waaaM 
iUiwm  to  gat  tco  high. 


Ro  difficulty,  oaa  hover  precisely  aaft  hold  alti¬ 
tude  without  difficulty.  Za  landing  auuunr  aaa 
aaaa  dean  to  20  ft  without  too  auk  difficulty. 
Mist  perfera  this  tael  relatival/  slowly  because 
aaa’t  arraat  large  alak  retea;  howwvar,  the  large 
\  aids  la  performing  teak.  Tary  difficult  to 
cllab  back  up  to  bO  ft  altitude  because  cf  low 
tAust.  (too  lead  quite  aaally,  but  eg* la  tort  got 
to  do  It  relatival/  elowly. 

Ro  problaa.  Uadlag  eequoece  not  dlfTloult  to  par- 
fora,  but  anacyaft  ly  Inability  to  disk  out  a* 
quickly  aa  ftaalraft.  Msah  too  eluggleh  In  cllasli^, 


never  ween’t  too  difficult.  Itolglzt  rwnlnad  In 
oooatont  oaclllatlca,  but  not  to  particularly 
large  a^Utudaa  or  aa  large  aa  they  ware  hiring 
the  anas ,rrw lag  portions  of  the  taaka.  Ooulft 
daacaad  to  about  20  ft  aaft  bow  there  with  rale, 
tlvaly  aaall  altitude  ceclllntlooa  aaft  thaa  go 
back  up  to  bo  ft.  Height  fraaaftce  ftaflaltaly 
affactaft  ability  to  ccatrol  lateral  poeltlca. 


tow  act  too  difficult.  Could  keep  the  height 
eecllUtlcoe  to  wlthla  •?  ft.  Itod  aufflclaot  ecu. 
trol  power  to  perform  !  anting  lag  man,  but  aaaftai 
aama  Amp  log.  toft  to  lead  baigrt  aoatrol  to  arraat] 
dink  aaft  das  1  ant  re  tee.  Ooulft  perfera  vertical 
leading  safely.  Rel^t  ftyasaici  did  affect  ability  I 
to  ccatrol  kvlag  the  lateral  gUck  atop.  Teadeneji 
to  let  height  ftlwge  aaft  coocaatrata  oa  the  inter] 


Precleloe  hover  pmrfcnance  eaa  quite  good  and  re.  I 
qulrad  vary  little  attantloe.  During  the  landing  1 
sequence  aaaunra  aiimaft  to  have  adequate  thrust 
far  arresting  sink  rata  aaft  for  cllablng  back  to 
tba  bO. ft  altitude  how. 


Could  hover  fairly  wall  but  bad  to  pay  frlr  aaount 
of  atteatloa  to  altitude,  toft  acme  difficulty  eta-| 
bUlalng  oa  new  altitudes  wbaa  fteecaodlag  and  lc 
coalng  back  up  to  bo  ft.  HU  to  lead  ccatrol  Input] 
to  ttnbUlta  height.  Alao  haft  to  approach  the  land] 
lnft  sciaa itat  oautlounly. 


p»U  Dthstln 


Would  prefer  to  aaa  a 

Uttla  aare  ^  aaft  alao 


Only  illgrtly  ahjaatloa-j 

able  feature  eas  the 
Uxft  tattoo  oa  thrust 
wUak  waa  aTtloaft  aaly 
wham  arresting  sink 


Mggaftt  cblactloM  ware 

(1)  lack  Wuat  far 
ftrralr/lag  vuihabla 
ell—  rata#  fee  taking 
off  aaft  dlahiag  to  da. 
aired  altltudaa  aaft 

(2)  Inadequate  Unit 
for  arresting  bl#) 
rat—  of  alak. 


Oaly  objactloaabla  fea¬ 
ture  is  that  It  la  vary 
difficult  to  clink  ta 
a—  altitude.  Xaspoa— 
la  —ch  too  alow  aad 
have  ec—  difficulty 
arrest  1—  alto  rates, 
but  this  la  aot  a  algni-| 
floael  pj^Maa. 

Only  object  to— kin  fas. 
ture  la  lack  of  tbruat 
vtlofc  restricts  rate  of 
cllab,  but  wall  ftnnpaft 
soft  a—  arraat  ftaacesu 
precisely. 


Definitely  aaafta  wore 
hal#it  da—  ing  to  re- 
duoa  att— tloa  required 
oa  height  ccatrol. 


Ckjectloceble  feature 
hi  the  leek  of  heltft 
—Ing.  Ccatrol  power 
aa— aft  afteqaita. 


tftfa’t  feel  that  alti¬ 
tude  could  be  changed 
easily  anough.  toft  to 
be  ao— what  careful 
with  altitude  control. 
Lika  to  a—  more  bol#t 
dating. 
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K 


Salaeta-1  M  (ft  <mIm  to  problm  jMr?«*Ua«  mmtw 
Mlrt  nf>nii.  UtnlJ/  «UK 

Ur*  «mU«4  a  littl*  b*l«fct  Mo¬ 
tion,  W  kfllkt  it 

•ufric lastly  wU  4*m>*d  teat  «Ji 

not  (ft  1ft*  mrtf  tlfUflNK 
t*t#-t  VMitlO*  «V***. 


icus  aa  Un  j.o 


ItfCUl*  k*r«r,  tiXtK  IlHMf 

111  IwwWt 


«•  krofelar  *4  41m  brrar  K*ltl«a  «r  altlM*.  fc>  0o  r*al  •ajacttcaaH* 
yroUm  parfwwlM  Wjiwti.  Coal*  «>*  faatwaa.  kifflclwt 

DmU,"  wltt  cwly  *  all#t  murt  tf  oo*t>*r*a;i**.  4mmf&4.  a*  toantt 
»*i#rt  potiitm  ftll  *m*<  #>  ml  Utawtla*  lack  of  mt»l  K*v. 
tfWrn  il/fmrt  tM. 


Vpt* t  *1*1  tot*  ICMM t  fracialea  bovar  lafWMMf  *a*  aaoallmt  u4  m.  *Wrt  only  o*jtctioaL>l* 
but  Uw  taly  Mltlixr  filH  vary  XltU*  *1M.  <u  fairly  r»4  faatar*  li— 1  to  V* 

l»  *  iMt  tf  urut  f«r  durlM  u*  u^um  m«mm;  tM  cob  jcoilm  ltd  of  umt  for 
arraatlM  IMm  tUltWf  UTMUM  kl#  flat  r*tN  thickly,  Uli  M»1rn  *rr*rtUa  ilafc  rata*  and 
(UUmmm.  •*"*(»)  to  drvalo?  oOy  filial  tltft  rat**.  fee  l«nl(9Ut  mim 

elite  nut.  ht+ilr* 
(MMlf*  attaetlc*  to 
•void  ffttltf  latt  p?«- 
U*M  ftjrla*  kl*Jk  4  la* 


tor*  t*»tmc7  to  apart  Adcgjat*  tkrttt  4a«>lc*  for  prwclilcu  Vrrtr.  I  e»ly  mdarataly  UJr>- 
altlttd*,  wt  had  mot*  Ourifif  lasidW  ** qi«*o*  Mi  M«t*U  tfMt  to  I  tlwtli  nt»a*  w* 
(Mt  Mfk  it*  unit  to  arrttt  dak  rat*  uUMtct  have  to  piac*  v<y  I  tint  It  «wU  um  • 
*iT**t  U*  notion,  1 1*3 U tic*  n  *l*t  Mtf  for  fair  of  not  Miy  Mli 

t*  UtNI  It. 


»>  altltad*  control  jrv  NeSilto  ho***  prfm <«  «u  vary  food  M  r*-  At  till  M*U<  i«*»l 
tl«M.  «di*4  v»y  IltU*  fiW  caoaaoiratloo.  fbar*  wi  ttruat  *m»l  »4*e*U, 

adr$A4l*  Unit  for  (UM lM  M  itcfflitl  *t  d*.  hit  •  lltti*  nor* 

•M  altlnif  rffUf*)  mm  pilot  MtlttdtlM.  t*l#t  «*fla<  would  H 

(MUmtla 


Cwll  pnrf.m  tti*  UM  C*l4  howr  vary  jtrwlitly,  vary  lJttl*  md  to 
**•11;  *>1  jr* el**l»  4*3  Mcltcr  dl'tiM.  U  tM  UMU(  auwTr  fmU 
Could  m2*  fairly  Dare*  lncnl  (ulli  proclaaly  to  20  ft  4M  tw  kd  «. 
*Ult«*  <*«(•  fttfiwt  »*  »*rtlc*l  rMMCi*  MJ  pu#ltl**ly  «ood,  Jlda't 
effort  lad  HUM  too  »**■  to  Ud  coatrol  poarar  a*d  U*  Mat  la*  «** 
exh.  not*  that  4l*7*U,  *»  Ufflwltj  vrwtlai  lid 

MU,  *0  put  MM  t*  I*ad  altltrt*  liV-tf .  (104 

J*U  *ult*  JwacUaly- 


Ctuli  pwfora  tt***  )T*-  ftwcirUe  horar  mo  protlaa.  la  iardlot  *♦*»• or*  *U»t  ltt*  to  im  » 

*1m1/.  DU  in  m*  4*.  mil  chut*  UlltuU  **ry  abruptly  ovl  ito»  fiSU  lltti*  mi  ««rH 
cr*M»  la  iltltoi*  *t*  {titlitly  vtti  ao  roticretl*  ormlect,  CmU  klao  i<**r,  hat  art  *«i, 
mklM  eery  abrupt  lettr  <11**  ftlrly  tepltiy.  to  r*sl  objaationetl* 

*1  IU;|  lUi  Urj*  roll  f«t»M. 

•*£**,  but  wily 
correct*!. 


suitl  MlMff  bU  *4*trj*t*  Unit  to  prottM  wttt  Urt. 
for  *11**  ®>t.  to  difficulty  rtop. 

|lq  *t  MkW'WlWt  altitude  of 
*0  f».  Curia*  oc«ul*At  altltud* 

MMitri  *ltlt  tit  rrjulml  vary 
Uttla  effort  to  mlrel  ltd  i3> 
titud*  control  «w  |cod.  HtUJrt 
4yT**l<»  iw*i  wall  *m**4  *ol  to 
imt*  *  r*t*-tyy*  r*»poci«. 


Honrlt  i*rfota*fto*  pad  wl  r**Ur*'  rtry  lltti*  Wy  «U*fctly  oh,'*ctlc*>- 
affort.  Ooiill  rot  tavalcp  ra*l  M*>  r*t*  of  ciiafe  MU  fa*tvr*  nr- 
or  rat*  of  4**<«rt  £u*  to  11*1  tat  lea  ■jm  tkrart  o*p(  MiM  a  lltti* 

acri/cr  klyl.  A  lltti*  r*r*  thyurt  anil  (liiMla*  1a  r**po**a 

bar*  b**r  l**lr*vl«  to  d*ralot>  blyfcar  ratal  rf  la  *ltlW*4  Ai*  to  tt* 

ollu3>  ud  to  1m«4  umtbi  ilU  rat*  Arlac  Uok  of  control  pwr. 

4** cost. 


IM|U41*1  fild  itCfi  to  llfflcMlty  honriM.  Could  iaap  Ml^t  o*clU*.  M#.t  d/aaaio*  o*y*o- 

;.wf orrv!  fairly  **U  tlm  mil  MIJ*  IwcIM  itwaUly.  Cxild  p«r.  tlonatl*,  Mtd  nor* 

vtll*  boUlac  Nlybt  fora  UallM  ••AMnc*  fairly  acnyatAly.  OmU  dMirlac* 

flttll  1)  to  110  ft.  iaocaod  ralat Italy  yuldtly  to  i)  ft  act  KMlllil 

utaral  yitck  »vOj*  Ovit  and  rlii  to  V)  ft,  ti>*o  Xaod  yaotiy.  H*U»t 

llfflcMlt  txucii  of  tt*  dynaalei  daflaltaly  iffaUi  ability  to  c<MVr*l 

lKt  of  amljfA  4«Miea.  otkar  axa a  (yartioolArly  roll) . 


Mai  bora  umo  ado^ata  tirnt  for 
tokaoff  and  liM  lltti*  tifflculty 
i'ojf jm  at  d«atr*l  altltnd*  fol- 
lcartra  ellab  «jt.  ?jr Lr*  u.a  c<*v 
it*3t  CUUli  Mhwtiri  tal  to 
liwu  only  a  tall  t*wt  of 
attaotloo  to  tt*  control  of  alti* 
tod*. 

In  (moral  codi  parfur*  air  taxi 
ralatlrtly  wall,  Did  faro  to  pay 
attaotloo  tw  altlthda,  wnn, 
aad  Ml  fairly  'e^*t**t  ccrrao- 
tloo«.  MU  to  taka  boocactratlm 
**ay  troa  aorlenta*  po*:tloa  a 
(yd  4*al  to  aonlicr  altlttda. 

UU  to  load  altltot*  coatrol  •«**. 
what.  Vcvld  1U*  to  mi  •  lltti* 
•or*  alt l cod*  <uat>lM<  ml  ad*(Mt> 
control  power. 


RMliKo  tovar  rayjlrad  wary  Uttla  uamtra'.Ml  Cuy  lurr^— wt  do¬ 
er  control  activity.  Do-lay  lend  lay  MfuMM  **A-  I  llr*d  adyit  M  a  »ll#:t 
aurar  bad  no  difficulty  amallac  link  rat*,  how*  •  l*er«c**  la  alUtvd* 
rear.  Mil  uorft  of  utld^tlM  royilrad  to  itod  k^l^.  CttarrU*  coo- 
M  iMlral  altitude.  ]  fl«iratioo  1*  Mu 

I  aattafaewry. 


r*.  tcvil  lik*  to  tat  a 
lrlj  lltti*  *«  altltU* 


•torar  parfor**!  Mlt*  aocvattly,  but  alt  1  tod*  r*.  *<kU  lU*  to  ***  a 
M»d  attaatloa.  Uidlai  ii^ax*  pmformd  falrlj  lltti*  mi  CtltUi 
wall.  CMld  kuwir  vertically  at  Mtlafactocy  d*Mlo(>  klttdifh  It  la 
rat**,  tat  baa  t.'  l**d  lapot*  acnaabat  vtac  arr**t-  act  all  that  Hd.  fblak 
•m  vartloal  rat**,  eoatrol  kmt  la  ad*. 
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n 

■H 

■ 

1 

j  m<*  &<wt» 

IE 

(Irk  etefl 

B 

1 

'IlKIIM  <f 
|  “r*‘r>.  tMl'SvltlN 

ktM  it*» » 

frocUIt*  Hu*,  lookii*  T>4.*m« 

*•4  iwuutr  Ijmltt 

g 

1 

1 

■ 

MM 

ko  rtkklM.  c«U<  belt  Ml#t  fkl-lr  «*U,  -2  to 
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Covil  bu«w  potlMlr,  ru  tc  unlttr  Utituio 
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bit  ItUft  #U»'t  (MU! 
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jo  t*  fkirXr  itrit  »tti. 
t«4o  «*l*»  »l‘Aout 
utit:  otitut  *u(i 

•ot  iMfftcUt,  but  Lad  tc  pay  attoatlo*  to  alttludi 
Cull  ciu*«  UUtUi  rolatlrtly  fetckly  ul  itoy 
rUtiort  t»  Micb  difficulty.  Poodod  to  laal  lorut* 
a  lltlla  bit  *ot  a  yrkkt  ml,  Uadlad  *«•  rroclao 
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fount  it  Mrt  to  iUP^oilllo  to 
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•rat*  pilot  r^uAtlci,  that  la, 
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at  4m lr*S  altitude.  Air  ta*I  wm- 

euver  retired  moderate  concentra¬ 

tion  oa  altitude  control. 

Bagnlred  moderate  cow- 
cemtratlon  to  paftia  It 
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tratloa  both  to  offeet  mi  vlad  effect*  cm  ely- 
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pay  a  too*  «aal  cf  attention  to 

bal#t,  aero  thna  daalrol. 
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aad  loegltudlael  (jrldk 
it  ope  vltb  rearooabla 
pracleloa  but  bad  to 
fairly  constantly  kaap 
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fracleloa  borer  oot  too  difficult,  could  borer 
prvcieely,  but  ocoetloaally  altitude  would  drift 
off.  fbr  i**n«g  eefuanc*  vaea't  too  difficult. 
Would  1U*  to  «#e  km  nre  height  deiglng,  bew- 
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altitude  «aa  la  ccnetaet  action. 

Couldn't  really  etablUir  oa  any 

given  altitude  particularly  vail. 

Bo  real  difference  la 
reaarte  co^egid  to 

MOMTMlaC. 

Could  borer  fairly  wall  vblla  bolUg  altitude 
without  too  much  effort,  but  hovering  poeltloa 
wae  degraded  laawltat.  Md  to  Mil  fairly  ooatia- 
uoue  ligwte  to  height  to  keep  etabUlead  aad  to 
heap  vltbla  no  ft.  la  laadleg  »*au— ce  could  de- 
craaaa  altitude  to  aVeit  JO  ft  fairly  wall,  but 
every  now  aad  then  would  her*  to  ana*  am  abrupt 
lqmt  to  control  hovering  politico. 
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little  wore  deaplog  la 
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*ule  chandac  v*r*  rv?ilr*d  to 

It  ittete  aad  *u*tala  velocity. 

Co  Id  boll  bnallng  aad  altitude 
fc^rly  accurately  vlth  only  a 
eode  ate  control  effort. 

*>et  objectionable  fea¬ 
ture  of  gulck  rtope  w 
the  large  attitude*  re¬ 
tired  to  Initiate  tb# 
t  real  let lcnel  mrdlon. 

Wee  emoyed  ecMiMiet  hy  gun  dlcturtaac#*  hvlg 
jracliloo  never  la  both  politico  aad  a  little  la 
ettltude.  flat*  vu  a  alldly  unpleaaaat  charactar- 
litlc.  Altitude  control  re*ilr#d  very  little 
activity  aal  i*m!  to  be  fairly  wall  deeg>ed. 

Oeoerally  good  conflg. 
uratloa. 
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relatively  eaey  to  eon- 
trol. 

PracUloo  borer  aae  v«y  eaey  fren  the  etaadpolot 
of  controlling  altitude,  «o*t  ettentloa  «a*  ra. 
gulrad  to  effect  drag  effect#  ea  tb#  alrpleae. 
Height  control  vae  very  good. 

would  rate  It  J  0,  but 
bacauee  of  a*ao  wlad 
effect*  on  tie  air¬ 
craft,  will  rate  the 
omll  configuration 
3.0. 
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Sal  act  ad  to  cat  daatral 
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of  Utlttli  for  • 
/ort»H»  WnJ  lvut 


a»l«M  oortrol  r«filn£  attca*lr«. 

»o  aSrvj-  I*»4U—  l«  lit  It'll*  K-t 

to»i«:  to  drift  <\*f.  iv*  .a  Uad 

tJlKlUt  UCJt#  ud  •*914  ■Skill.! 

tic  “j  Urc*  ntM. 


Stlaft  oootxol  x*>lr*4  kv*  aUanj 
t!«  fc*rt  oaly  taw-  ffofbfcr  ocaraoj 
(load  IWJM.  an.’t  tort  to  laid 
ll^Ul*  «U*. 


IffrtlopoJ  »tlVt  « 
Of  25  ft. 


rttldft  poetfc*  kit  djffl; 
•Mlt. 


fc  olOor  l»trtl2r  cr 

loclttilMiUir.  CiitU  uttwnr  tot! 

•tcv  prvtiaaly.  *>  difficulty  k*il|  it^  abruptly  vi  told 


lac  tltiUda  -JlIU  pracl.a.}. 


Ait  1  Mia  ra<uirod  att  action  vbtn 
taavojYXUm.  Hjvarur.  jacur ally 
cortrot  It  fairly  «»U. 

Samt  t  «M*r<y  to  Cr**f  off  VI* 
iKTHl*  alVktoda  Vat  It 
ralat'valy  alouly.  Could  Vi)U  vpj 
fairly  fi^lftust  rata*  at! 
ctMt  tn*a  altAOut  tov  aucb  diffij 
fully. 

taaaralty  r?  w*l»v*  «ntt  aly 
tail.  Coul!  uta/rff  prvlauly 
and  toll  iilltki. 


*ai«et«4  to  c#t  Jaalitri 
rliHvda  ia«pcna*. 


Virtue  aa^rar  W1  to  »»tc.1  altl-| 
tv!#  raaaxallu  -looaly.  tsj 

tKr«M«  •Ilct-tly,  Ut  didn't  mm 
to  ba  difficult  «  ctoirol  and  It 
•a*  i*utf»hly  tradlcUala.  5»*t 
racaU  twtviAJ  to  Ird  Ifjvtt  too 
Craatly. 


Air  t**.  K>t  dlflict  H  K*J*M 
CkStn'i  dida't  Cf*-t  ability  to 
oodtrol  loecltwdifal  or  lataral 
•otic®  mil*  aanaervarts*.  Aai  a 
iltlla  lifflcvlty  loll'M  altl. 
twd»  Vculd  drift  vo  vvl  down 
i^kt  f5  f.  «r  « 


K  troblra  rms  L-  Ut- 
«tl  ojIu  tic;*.  Cn_Il 


aitltvda  Qilta 


ray.1 r-4  Km  attadtlM, 
tot  call  coatr'X  altl- 
tu»  fairly  »U, 


Nrfsrmd  y-lck  atefa 
prvlaaly  *od  Ml  no 
problte  N'ldlac  baUfct. 


■c  ^oM«t  V.tt  alt  I  tu  u{ 
control. 


Could  atop  joitaly  and 
yrvltaly,  at  laaat 
local  tvfl  nail/,  VltNS-t 
barlt*  altitude  ctttrj 
too  fc.cn .  Did  loot  row 
alt 2 tod*  <WlAC  Ua  iat-J 
ml  aoicJc  ito?.  >%/ 
bar#  laolad  a  little 
torurt  to  rKc/rr  alti¬ 
tude. 


Ira  nld  Ifcvw,  UadLtc  ItaMc* 
aad  ItMdaiy  ^ftudtt 

rt-'or  iyt  too  difficult.  C?dl  told  altltvda  i r*- 
< Italy.  Jtodar atal/  Hfflc-.U  to  arraat  ay  Macaot 
at  20  ft  tkl  at*tllli«  aim. I*  tMrti  UtX  st 
avtlUti*  tuwt.  C-Jili  UM  aafaly.  vwrw. 


Cod  aovar  tracltaly  rtUi  only  Mil  wlatlcaa 
la  aim  >a*.  PaUUvaly  a aay  to  irfwa  lanUnc 
ariiaaca.  (wit  Will  vj  vfTacUblt  tlt!t»!t 
rat*a,  aoautl*  Um,  uf  arraat  talent  CU^ii 

'filCllj. 


rtrr*r  bo  Cttatallr  could  *rall«  lMUdf 

fairly  wU.  1  11*  tl*  cutatkl  vitn 
Ulllty  to  atop  ra*t  of  ttitnt.  At  tlM»  cw«m: 
altltuda  *  llttla,  ao  VaJ  to  daaoard  vlU  aoaa 
ctra.  ntM  tlratt  la  adacuata. 


HW  k  (toxlai.  Cfldl  jarfort  tMa  ira^iatly 
ard  hold  aJtltoda  quita  tc.Matal),  LanilAf 
iifinva  ala*  Kt  too  dlfftedt.  Could  <>  l«o 
to  20  ft  a*,  a  ralatlvaly  ra,U  rata  in  arraat 
altltwi*  attAwt  too  men  difficulty,  l&l  hara 
aaaa  problaaa  itailllilM  It  but  eotkl’C  too 
a  lcnlfi  cart. 


:m«r  «w  not  tlf.lult.  fwa  luob  of  llnit  **,o. 
inaitlM  daamat.  cooearnod  vlth  SIllli  u;  *oo 
l*r  ta  *  aaacaot  rata.  Wavir,  <mu1  to  b*  *1* 
to  4t*ai  m  rafUly  aa  daalrad  iaaaa!  tc  Mat 
atajuala  tlruat  aaallatl*. 


Could  6o»«  yroclaaly  aol  wll  altltuda  floaauy. 
laodlrc  ».r->nca  m  not  difficult  to  p*rfo.». 
Could  boyar*  praelaaly  art  daacaod  to  tna  MR 
altltvyta  »i«»  oo  difficulty.  llM’t  aoua  t»  aa»» 
•cy  raal  protlam  arraatlrc  dtacart  rata* 


tw  st  dimojlt.  rial  to  la  a  Itttla  .artful 
abut  »a:o  of  faacart.  Couldn’t  taa-aM  rapidlj 
and  atop  a*rvjtly.  ,Ki  to  altv  ralatlvaly 
caally. 


.t«y  »it  laatallai 
liAibtswlftt  ratio 
um  icultly  aora 


:t,’Ktl.Mtl*  fwt'r«i 
A  alic*.4.  vljacti or  ts 
lack  of  t*Aii  Ut  «aa 
avJdant  tr/lnc  t> 
«Uj  faJ/jy  llp< 
laacant  rata*. 


fairly  *«M  «***. 


CVJactlonabla  faatvra 
vaa  Ua  alljnt  >acl  of 
taruat  vaa  dtarandloc* 
A  llttl*  KONTMl  vit* 
inability  to  anaat 
IW.U1  rat* a,  i**t  vita 
car*  can  taap  ttoa  veil 
wular  control. 


cculla't  lat  daacar.t 
rat*a  tulJJ  up  too 
lar/a  h«t  f<r  iw»il 
c«*lJ  arraat 
altitude  yraclaaty. 


cCaCtlOMbla  faatvra  . 
«lUht  laci  0*  uruat 
iurlr<  datcan*.  and 
Via*  tfylnc  to  racorar 
fal*nt  Jirtne  lataral 
talc*  alee*. 
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{«M«WX  MMltl  , 

{nnil  r.il4ttM 

tu 

KX 

V-*-* 

Si*1- 

T>-*‘ 

if6.\ 

un 

2 

Wtcltl  U  rrt  lnUti 
tun  mm  rtt>cw«  U 
1j«wU. 

0*iU  f*rfan ■  tot*  Uftortl  **4 

UHNWI  yr**l*4ly  • 
*U<  H-Yl*C  YW7  Uttl*  ItlMtlM 
ft*  ImU»(  coMrC.  k*c*c  «4ft« 
•Uftlt,  «•  tnlwry  IwmU  miU> 
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M  4im«*lty. 

Ccvli  *m  **u«  rr*. 
<d«lx>  He?  itnjtl/ 

**4  ruU  tM«  HIM 
out  OKI  Hot  loo.  N«*l. 
lt|  twtrd  *»  n*l«. 

Cod*  ftnw  fult*  “<v 
tft  lily,  >*14  jcCtlM  nil 
U1U4  to  Wtr 
IftMl  h**41r4. 

NO  M^MtllWlll  f**. 
tMM.  All  UM  nil 
4*ift*4.  CwforUti* 
ilKnXt  to  fly. 

KX 

r^O.y 

V0, 

*-r> 

O.Jftl 

) 

M  M|«t  4vim  k*t4- 
1*4  fttiWM. 

Mll(  tlr  IajI  UMllf  IM|MM 

m  rtUftlrtly  tujul  put 
«fT*~ftt  w<  tour  Hr*  to  UtcrC 
nlMltr  «v«  r*ftft*r  tOftC. 

I*(tl(«l  MM  *ftft*3ftl0* 

to  MtNl  ft**  41**  4w 

ft*  UtMtl  IllMltX 
*w«ll**  W7I14  tM  Ut. 
•rC  «U«k  iftcf  mom. 
r«ri. 

1*4  J  to  MUUll  *  W*. 
Itllt  t«  ltd  ul  t* 
It**  *ft  «*tlr*4  H*Cm 
Nty  Mtt  iotlc*4  ft  vw> 

iiidft  l*<  1»  41r«aftl«* 

C  rM{«*«  ftuV  Metun 
*T  tM  r*Uftlr«ly  *lcw 
*o*ftr*l  1ft  41mftlM 
uii  mi  «r  *»  jftiticv- 
U(  (MI«. 

Nh«  u4  1**41*(  ft*  yr*. 

Um. 

Oc*4  41/MHMl  ten. 
tr*l  mndnlitlti. 

Wl 

e.jX) 

It 

MKXtl  tt  (it  (MU«1 
t«n  ttU  rti)ctM  M 

Cod  JMrfcr*  t**A  fUriy  *C1. 
AMO}**  4t  tUM  *Jf  tft*  *U^t 
cocintUot  tft*i  wm  o  it  wm. 
l*C.  MJ  1)  M|.  IlMII  to  melt* 
It  *ar*  tftu  otM  MktMTtrlM 
Uft«rCl/i  r*7tlr*4  mm*  ftfttmtlc* 
t*  M  It. 

CouU  Kfcn  tM  «UU 
•top  rttkr  *«U  Kt  »t 
ftl*M  4*4  KM*  iroftlm 
vlU  tM  ft**41n*  Mill. 
IfttllM. 

C*ul4  fwfm  ft*U  tilt 
nil.  CmU  tm  *t  4*. 
•lr*4  r*t«.  t\tf  ir*> 
Unix.  M  tol4  b**V 
,!•(  tlUAt  too  Ml 
trouftli.  ImImI  rrw 
.tft*  ipot  fftl/ly  mu. 

0wl4  ItCMT  f*lt«  W*  ' 
tftftCy  i*4  U*i  vlUftt 
to*  M*eft  trail*.  f**M 
llt«wts«  MtVM  th* 
M*41*(.«Mtr»l  m*lr»< 
annft*  lot  ftftUlty  ft*  t«* 
trel  «tur  mm. 

11  let  oMllUtlo*  trot 
toUft  up  It,  k**41i4 
nrlo4l«*lly  «fi  it*. 
ft*ftly  t’«  «dx  M)*c. 
tinali  fMtwi  1ft 
MMUj, 

ft- Ml 

o.m 

).) 

U  |rt  iMi/d 

M  Mm. 

M  rrrftl«M  *ltt«r  UI«tUx  or 
ictfmUitUx-  Utmlly  111  Uf. 
tier  MtU  ft«*4U>(  Metis*  tut 

ft  r*C'*KlUAtlcc«  tnA  twUx 
u«tnlM. 

*>  ircftlw  leo*lW01^U 
ly.  UftvCly  MU  ft* 
v*U0  b«*ll**  *  llftU* 
ftUt  tft  Mi  TalU  ***y 
ft*  |ft*ftUlM. 

H»  ml  trtftlM  it*. 
ftllUlU  ft**41*S  lift *r 
tft*  turn. 

rrMliloo  torrr  ia4  i*. 
tltftl  U*Ut«  nsft  4im* 
cult.  HhUai  «Mtr*l  <14 
not  iftlCft  OtMT  MM. 

to  iicjaneort  *ftj»c. 
ftlmsftl*  tour**. 
WJr*  ft  Uttl* 
Mtiuitmi, 

1  tt* 

Ki 

V*1 

V°.) 

<^•0.1 

*-n 

o.«a 

) 

W  tor  tfltu  ft«Otr< 
r«K»M  W  U»<« 

liltftlrtlj  nTfcrftlM*  tuft  1*4  ft* 
C’rt  t  llttl*  *ftUrtt09  ft*  tuft 
It*  *o»tr*l  ftirU|  l*t*rC  mm*- 
ymt».  0-it  *r;*cftt  cm  41r*«tl«D 
*wr«  CelaC. 

T**ft  JO **1  M  j*rftl«<Jjkr 
troftloi. 

fur*  iftt*  (ottwl  fulft* 
tool  u4  mil  itoj  4ft 
4«ilr*6  b«ft41r«  till  r* 
UtlvCy  lllftl*  ftoftltl- 
Jftftloo.  Uo4  r*l*ftlv*Xy 
1UU*  vlAft  tilt  tm- 
ftrol. 

Nrton*r<«  m»  r»c4  lM 
r*«ilr*l  ti ry  Uttl* 
iftm. 

KllUy  i*noylA<  chftju*. 
tirlltlci  Mr*  *«♦ 
iWyt'cMt  iff  Kft* 

*M  control  Up  In 
MftUnc.  Iwtnr,  only 
ilUhftly  ne«lt«*ftl*  «4 
mtl*  ftft  tuft  ion  r*. 
Mf*t, 

>-n 

0.30) 

M 

WMtM  U  M  4**1y*4 
ntt  *t  kMUi« 

uu  not  <mi*Ct  iMClUUMllyi 
Uttrtllx  ‘t*A  •«■•  difficulty 
ft*14i*4  fc**41*«  1*4  <rr«l*»»i 
ktcauc  cttiiitftttoj  tut  *t  tu** 
«ff*ct* 4  ftftUlty  tMtnl  Uunl 

Uttril  filek  ift*M  r*- 
*ua  tttwttw  u 
b«*4i«*i  r*»i  prfN. 
mum*  4i*r*4U  tj  Up  ' 
1*  UUti*  eoittili 

Cevd*  toll  %M  Jrrllcj 
ft  tun  r*U  nUlyvtU 
ftwt  tool  *4  to  4«vile? 
MM  OMllUtlW  lfte 

*ftt«4ftl<4  to  mm 
t>M  ft**41e<.  Vi&(  tut 
tottwl  mi  ml  * 
Uftftl*. 

Hovir  ftn4  UaUW  rr*> 
»«rit*4  no  JfVftllM.  K**A- 
lr4  4yr*Cr*  414  iffMft 
ftftUlty  to  ctotril  Ut. 
«rCly  wmMt. 

ajKftlOMftll  futui 
m  th*  1*|  U  h**41n4> 
CtV*»4h  It  C0*14  MM 

kM  vorii. 

fc-Kft 

0.870 

3.) 

I4MU1  '•»  pt  w:*V-*4 

ttfl  TfttM. 

MltM  let*  ilLtt-ft  lt*U^  (leL. 
UUmi  far  M»  M«tl  u4  Ion*. 
IVlMl  mmmi,  tuft  U  (««< 
raU  nitrsl  Um  kUi  f*yftnc 
•Cy  iXtrttt  iftfti*ftlun. 

HwUm  ootUUftlom 
rwr*  *rl4*oft  ter  ftotfc 
UfttrC  wA  lcn*ltvll*C 
*ltk  itcn.  tut  it  mi 
•oft  j*rtlNli*ly  um- 
n’t  to  nttrsl.  Will* 
Wf  ttUlty  to  ntfin 
tM  ftwl  m*  l«nM 
ill*»Uy  in  U  itti* 
tic*  4*Kft04  to  ft*44W 

Not  too  Ufflcull,  |0M 
Uadnex  to  |U4*  Vy  4o- 
•  lr«4  bi«41i4  *a1  Uhb 
inilox  OitllUtlMi 
tftM  ittutitUi  to  r*- 
«w*r. 

trillion  hova1  i*4  Yirtl. 
Ml  l*o  11*4  not  difficult. 
dyanCei  414 

*ff*tft  ftftUlty  to  lOfttivl 
pitch  4*1  roll  W  kw* 
mil  titnt. 

"Nil  lUi  nor*  M*pbi 
or  1*ii  I**  u 

m 

K1 

V-*-« 

V^1 

V«.i 

V3- 

K-n 

o.m 

S 

V,  tt  («*.  XmM  fttO. 
U<  nq<M«. 

Ml  ft*  tin  km  ittmftlo*  to 
Umftlc«a  MtHl,  KjvcUlly 
AaU*  Utwwl  w«mr  r*i  ft* 

ION  |Wft  iffKtl  111**  K 
41r**U«*l  *ou?li*c  ft*  UftorC 
ttlWlftJT. 

tMrli*  tM  luril  du*. 
lotion  t*4  ft*  (It*  to** 
IttMtlM  to  ftaUUt  «* 

trC, 

Tur*  rot*  control  mi't 
4*1 1*  M  «o«4  M  4*ll»4 
hri  tft  rtfilrti  ft  Utftl* 
i*ftlt!>*tl«ft  ft*  ttoy  ftft 
4m1h4  )MUli4.  Lv* 
mt*  Mt  xwtlcuUilx 

i«ftlt*ft>l*. 

Mnwr  jcrrorwvc*  m*  rxrf 
eeOy  4ir*ctlon  r*^lr*4  ft 
•1*11  l»4t  of  *tt«9tl0O. 

**t  *ftj*tftl«Mftl*  ft*, 
till  IMM  ft*  ft*  * 
lltlhft  l»X idiocy  1* 
li  Unction 
t**4*4  ft*  r»irr**»  (i«t 
UltVTtlUM  1*4  Mill. 

•lu  111  tur  Hon*  *ti 

U  Utwtl  MHcnrUi 
Mlodftr. 

O.iJT 

5. 

Mmm  ft*  MVnl  t«w 

<Mt  wUUl  M4i«| 
•ft«  ittcptUf  ft*  ftoU 
1ft  tltttlj,  ut4  r*lM«4 
nlw  to  Utft  tmUi't 
«1U  trtltft. 

Coal 4  ft*  toft  ftttllag 

CTMft*4  priwltlm,  ttl*  «m 
toyacUUy  tm  rtM  ***«un*U* 
lAftWftlly,  Coui4*'ft  Imj  from  «*. 
Ilftli*  wit  MtUliUM  nftlil 
vtri  fthout  HO  4*«, 

t**  IHl  IttWtlM  M *• 

HMry  fer  t**UM  to* 
ftwl  ft*  tt*  1ft  fr» 

•MllUtltC, 

Cn*14  firfen  ft** k  C~ 
t U(\X.  Tun  mi  j*ter* 

*1  nUtlnly  ilrvly  tut 

4*U*  Mmntilx.  Vji4 
ftUft  WftUvl  «M  Vlll, 

0*14  Wnr  filrly  nil, 
414*' ft  Mw  too  W>  Of. 
f levity  ft*  141*1  b*UlS4  If 
b no  IM  1*M1"4.  KM41T4 
*ym*l:i  ftffKt*4  unity 
t*  coftlrol  *irtf4  Uft«r*l 
MMmri  «M  9*10  *t*f «. 

w;*cfttomfti*  rmuM 
Mr*  UU  of  h**41c4 
44*4104  fta4/cr  th*  l*t* 
1*  b*ft£ll(. 

O.W« 

ft 

ft*  in  hrt 
»jM  ftc4  Ci»  ft*  bftly 

It  »c*.tMUli(  fcmllft* 

MtillMlNI. 

fc/lx*  l*ft*rftl  MMomri  Ml  ft* 
MV*  bM41*C  ftrt  414*' ft  »*t»  ft* 
|«ft  Ut*  U7  Ufp  Mila.  ftlMI, 
ton*  Moor***  U*o*  lH  «•  t*T 
mot*  iftftmftl**  ♦*  1ft  tto*  4mU*4. 

KU  to  nut  ft**4inc  U 
1*1* *1  4*1*4  lUf.  to*- 
ilftl*  ft*  (Oft  IMo  ftlrly 
fftNtwit  U1  **«UUtl*M 
14  ftMdlK. 

An*iKM4  tun*  «ry 
Mf*f*lly.  MVt  Mat 
ft*  krrCoj  lM(«  mil* 
UftltftJ  Ml  eh  coul4 
Utm  u  mil  tur* 
•ftVMrt*4. 

yrKlilo*  hw *r  **4  v«rtl- 
•il  UMift*  M  jroftlM. 
NM41t(  CyMolci  tffKV*4 
•ftlUty  to  »«rol  if*. 
*tot. 

tft*  1*4  1*  M*41l(  t«v 
trol  uhlth  1C  to  h**i. 
1*4  o*clU*tloft*  4*rU4 
tft*  tur*  iM  UUrC 
MM/nri  m*  iVJk. 
ftloeaftl*. 

Dii 

•ex 

v*.© 

V* 

V°>€ 

jura 

o.joe 

ft 

$*l**ft*4  U  lUftiUi* 
ft«4J«  mtr*l. 

nu  km  train  ««t)*  ut«rC 
ttMnwi  MUI14  ft**41«e  ud  it 
ftUM  ClMft  tol  |  now  lltv*. 
IIM  U  «r*V*Uln(  bMAlAff.  >»4 
U*  Ml  41»ferft*4  ft*  ra*  i*t**t 

Vjr  fMftl  «*t  t>.ftk*  owyllM  vlift 
Ufttnl  MlMlty.  {Jl4  km  um. 
•Cty  MMMtlt*  4*4  V.'U1*«  ft** 4. 
tM  VlUtOft  0»«T*ftXtlm  Vw 
t**lr*4  ft «*41 14. 

IN  ft*UU(  K*ftr«l  fro- 
ftl*a  lUlUr  ft*  Unt 

1*  «lr  UtS. 

Uui'ft  too  Uftinlt, 
kft  It  r*(<lr*l  nw 
Utl(l(*tlM  to  *tc*  It 
4**lr*4  Minn,  Very 
Utftl*  Mif  ftUft  Mini 
Vm4. 

Itw  MM't  to*  ft*4,  ftl- 
Vouftlk  1*1  to  yrovit*  »<m 
eoKMtntU*  <•  MU| 
t*  boi4  vttii*  a  ut- 

tljr*«t  yr*ftl«a  Mi 
HmMlif  m4  h*14> 
lk«  ftft  4-* tlx *4  Nun*. 

I*.  1m«*4  to  ft*  low 

1*4  1*  tft*  mroui 

4*4  *ft  tt«M  lliMt 

C*t  IfttO  •  Uft-ftyjw 
•ltutftlc*. 
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OHM  p|  Ut*  »•  K(*V 

4 to  otillUtlOO*  Ml*< 

(AO  U'.Otl  fJA  IlDf, 
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APPENDIX  C 


SUMMARY  OF  CONTROL- POWER-USAGE  DATA 


Control-power- usage  data,  which  generally  consist  of  the  control  power 
levels  exceeded  five  percent  of  the  time,  are  listed  in  this  Appendix.  For 
some  of  the  studies  concerned  with  control-power  limits,  the  percent  times 
that  the  control  power  command  exceeded  these  limits  are  also  presented. 

Data  are  shown  in  this  Appendix  only  for  selected  test  cases,  i.e.,  the 
exceedance  computations  were  not  performed  on  all  the  cases  considered  in 
the  UARL  program. 

The  control- power-usag?  data  tables  also  generally  parallel  t>.s  tables 
in  Appendices  A  and  B.  Control-moment  data  from  the  longitudinal  end  lateral 
control  studies  are  summarized  in  Tables  C-I  through  C-VI  as  follows:  C~I, 
turbulence  effects;  C-II,  control  lags  and  delays;  C-III,  control- moment 
limits;  C-IV,  iru-cr-axis  motion  coupling;  C-V,  independent  thrust- vector 
control;  and  C  VI,  rate-command/attitude-hold  control.  Thrust-usage  data 
from  the  height  control  study  are  presented  in  Table  C-VTI.  Results  from 
the  studies  of  the  interactive  effects  of  height  velocity  damping  and  thrust- 
uo- weight  ratio  and  thrust  lags  and  delays  are  shown  there.  Control- moment- 
usage  data  from  the  directional  control  studies  are  contained  in  the  last 
table,  C-VIII. 


Preceding  page  blank 
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TABES  C-I 

PITCH.  'DLL  AND  YAW  CONTROL- MOMENT  LEVELS  EXCEEDED  5  PERCENT 
OF  THE  TIME  FROM  THE  STUDY  OF  TURBULENCE  INTENSITY 

Vertical  and  Directional  Parameters  Listed  in  Table  A- I 
See  End  of  Table  for  Explanation  of  Notes 


StcbiJ tty 


Basic  j  Derivatives' 
Conf.  !  Mug 


TABLE  C-I  (Concluded) 


i.  Wind  simulation  Included  nean  vind,  UB  a  10  kts.  Thrust  vector  control  available  to  trio  longitudinal 
steady  forces. 


2.  Syrroetrical  configurations  -  la  .eral  dcri%atlve  has  same  value  oa  corresponding  longitudinal  derivative. 

3.  Key:  XM,  longitudinal  can covering;  YM.  lateral  maneuvering;  X<$5,  longitudinal  quick  stop;  YtS,  lateral  quick 

stop;  TV, *  180  deg  turn- over- a- a pot;  HOY,  precision  hover. 

1*.  Si Simultaneous  control  roaent  usage,  exceedance  computations  performed  on  the  function  (U\A  ♦  ILcl). 
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TABLE  C-II  (Concluded) 


1 
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1 
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9 
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XM 
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1123 

YM 
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11111 

0.29 

0.47 
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0.33 
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0.52 
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■ 

XM 
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xqs 
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0.33 

3.39 
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0.25 

0.24 

0.11 
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HOV 
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0.29 
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0.41 
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XM 
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1.2U 

-  — t 
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YM 
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XQS 
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0.85 

1.33 

BCi 
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MB 
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1.14 

3.34 

■ 
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TU 
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0.68 

0.09 

■ 
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HOV 
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0.55 

0.95 

1.27 

B 

3 

S 

1.  Wind  simulation  included  mean  wind,  UB  •  10  kts.  Thrust  vector  control  available!  to  trim  longitudinal 
steady  forces. 

2.  Symmetrical  configurations  -  lateral  derivative  has  same  value  as  corresponding  longitudinal  derivative. 

3.  Key:  XM,  longitudinal  maneuvering;  YM,  lateral  maneuvering;  XQS,  longitudinal  quick  stop;  YQS,  lateral  quick 

stop;  Hi,  *  ISO  deg  turn-over-a-spot;  h'OV,  precisior  :.~.-er. 

I*.  sin.:  Simultaneous  control  moment  usage,  exceedance  computations  performed  or.  the  function  (IM=I  ♦  I Lc I  i . 
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TABLE  C-III 


PERCENT  TIME  PITCH,  ROLL  AND  YAW  CONTROL-MOMENT 
COMMANDS  EXCEEDED  INSTALLED  MOMENT  LIMITS 

Vertical  and  Directional  Parameters  Listed  in  Table  A- I 
See  Ena  of  Table  for  Explanation  of  Notes 
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S  S’  • 


TABLE  C-III  (Concluded) 


Maxi  our. 

Stability  Control  Moments  Pixel  Ease _ 

Derivative^  Available  Lag  Delay  Sub-  Pilot  A  |  Pilot  3 

*«.*»■  Tssk3 


Moving  Base 


Pilot  B 


laaiaaaianzmsai 


-0.20  -3.0 1-1*7  0.9SU  0.727  0.211 


0.979  0.825  0.18 


ilESlSESEaEJEgi 


EUfflEaiaiai 


-1 .1  -2.5  1.068  0.900  0.20J* 


1.157  0.975  0.221 


96  O.U57  P.132 


B^BBaSagSaeniH 

aaniinpnj 
aanpiHni 


0.lV»|  0.3 


sain 


1.  Wind  simulation  included  wan  vind,  Ua  »  10  kts.  Thrust  vector  control  available  to  trim  longitudinal 
steady  forces. 

2.  Sywaotricol  configurations  -  lateral  derivative  ha*  same  value  as  corresponding  longitudinal  derivative. 

3.  Key:  XM,  longitudinal  taneuvexing;  YK,  lateral  maneuvering;  XQS,  longitudinal  quick  atop;  70S,  lateral  quick 

etup;  IV,  *180  deg  turn- over- a- spot;  KCV,  precision  hoyer. 

Pot :  Percent  time  tliat  coeeftnded  Moments  exceeded  installed  limit,  on  simultaneous  control  assent  usage. 


1.  Wind  simulation  included  mean  wind,  Uq  ■  10  kts.  Thrust  vector  control  available  to  trim  longitudinal 
steady  forces. 

2.  Sysswfcricnl  configurations  -  lateral  derivative  has  same  value  as  corresponding  longitudinal  derivative. 

3.  Key;  XM,  longitudinal  maneuvering;  YM,  lateral  raneuvering;  XC2»,  longitudinal  quick  stop*  YQS,  lateral  quick 

stop;  IVj^ieo  dig  turn-over-a-opot;  HOV,  precision  hover. 

U%  Sin.;  Simultaneous  control  moment  usage,  exceedance  computations  performed  on  the  function  (liy  *  l!>cl). 
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TABLE  C-V 


PITCH  CONTROL-  MOMENT  AND  THRUST- VECTOR-ANGLE  LEVEIS  EXCEEDED  5  PERCENT 
OF  THE  TIME  FROM  THE  STUDY  OF  INDEPENDENT  THRUST- VECTOR  CONTROL 

Vertical  and  Directional  Parameters  Listed  in  Table  A- I 


Case1 2 3 * 5 

Basic 

Conf. 

Stability 

Derivatives^ 

Thrust- 

Vector 

Control 
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Sub- 

Ta6k3 

Fixed  Base 

Moving  Base 
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TO 
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0.21 

2.00 
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m 

■ 

HOV 

0.29 
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■1 
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XM 

WM 

_ 

0.32 

pn 

0.28 

U3 
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XQS 
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HI 
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0.27 
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0  j? 
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-1.7 

-lj.2 

20 

■ 

B 

TO 

— 
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0.22 

9.50 

S.2U 

2.50 

SCI 

1 
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HOT 

■  i 

0.29 

0.27 

s 

II 

■ 

■ 

XM 

0.93 

^.93 

0.80 

■ 

116 

■ 

■ 

XQS 

0.88 

0.89 

0.86 

- 

1.0 

-0.20 

-3 

D 

20 

B 

*U 

0.79 

9.15 

0.81 

10.6 

0.67 

is 

BCU 

■ 

1 

1 

HOV 

0.72 

0.75 

■  ■ 

0.68 

BBI 

W&: 

■ 

■ 

XM 

mm 

B 

0.35 

BM 

'  ;  :  ■  ■ 

■ 

Mi 

1112 

m 

1 

■ 

B 

XQS 

S 

■ 

0.39 

m 

HB 

- 

0.33 

-0.05 

:t£ 

B$ 

D 

TO 

■  ■ 

■ 

0.29 

20.6 

■ 

■ 

BC1 

_ 

HOV 

0.32 

1.  Standard  wind  simulation;  <rUg  ■  oVg  "  3-1*  ft/scc,  UB  ■  10  kts. 

2.  Symmetrical  Configurations  -  lateral  derivative  has  same  value  as  corresponding  longitudinal  derivative. 

3.  Key :  KM,  longitudinal  (maneuvering;  XQS,  longitudinal  quick  stop:  TU,al80  deg  turn-over -n-spot j  HOV,  precision  hover. 

Thuob  cvltch  thrust  vector  angle  control,  conventional  attitude  control. 

5.  Control  stick  thrust  vector  control,  thumb  svlteh  attitude  control. 
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TABLE  C-VI 


PITCH,  POLL  A3®  YAW  CONTROL- MOMENT  LEVELS  EXCEEDED  5  PERCENT  OF 
THE  TIME  FROM  THE  STUDY  OF  RATE-COMMA3SD/ATTITUDE-HOLD  CONTROL 

Vertical  and  Directional  Parameters  Listed  in  Table  A- I 
See  End  of  Table  for  Explanation  of  Notes 
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TABLE  C-VI  (Concluded) 


Moving  Base 


Pilot  B 


M*.  ^  Sin.  ^  I 


1.01  0.69  1.59 


0.67  0-30 


JL.  Wind  simulation  included  Bean  vina,  UA  «  10  kti.  Thrust  vector  control  available  to  trim  longitudinal 
steady  forces. 


2,  Symmetrical  configuration®  -  lateral  derivative  has  sane  value  as  corresponding  longitudinal  derivative. 

3.  Key:  XM,  longitudinal  maneuvering;  YM,  lateral  maneuvering;  XQ3,  longitudinal  quick  stop;  Y-3S,  lateral  quick 

stop;  HI,*  IfiO  deg  turn-over-a-spot;  HW,  precision  hover. 


If,  .'Tin  : 


Simultaneous  control  nonent  usage,  exceedance  co’epu  tat  ions  performed  on  the  function  (ll-Ll  ♦  *|AI  . 


TABLE  C-VXI 

PILOT  COMMANDED  AMD  TOTAL  THRUST  USAGE  RESULTS  FROM  HEIGHT  CONTROL  STUDY 

Longitudinal,  Lateral  and  Directional  Parameters  Listed  in  Table  A- I 
See  End  of  Table  for  Explanation  of  Notes 


(a)  Five- Percent  Exceedance  Levels  for  Pitching  Moment,  Mg,.,  and  Incremental 
Thrust  Increase  Levels,  (T/W-l)e 


(T/W.l)5  for: 

Z4C-  <Se+V  « 

ho*  e 

0.007 

0.010 

0.017 

o.oau 

0.009 

0.020 

0.034 

0.035 

0.010 

0.016 

0.052  ! 

0.062 

0.031 

0.023 

0.055 

0.057 

0.030 

O.029 

0.069 

0.01(3 

0.029  1 

0.030 

Pilot  B 


(?/V?-l)5  for: 


'  <^c w 
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TABLE  C-VII  (Concluded) 


Co) 


Five- Percent  Exceedance  Levels  for  Pitching  Moment,  Mq  ,  and  Percent  Time 
Commanded  T/W  of  Pilot  and  SAS  Exceeds  Installed  T/W 


Case* 

Basic 

Conf. 

o 

Parameters 

log, 

Tk 

■ 

Sub- 

tacif3 

Fixed  Rise  | 

Pilot  A 

Pilot  B  j 

*5 

P„_  fa* 

TL 

F-  for 
TL 

V-Jc 

*5 

T  for 

TL 

Z3C-  ie4ZMs-  w 

m 

T/W 

HZ6 

Bil 

-0.1 25 

1.02 

0 

1 

XX 

0.36 

19.0 

27.0 

YM 

38.0 

65.O 

XQS 

o.ixl 

21.0 

30.0 

TO 

14.0 

60.0 

1107 

0.32 

10.0 

14.0 

IS 

0.34 

32.0 

60.0 

mo 

SCI 

-0.25 

-0.25 

1.02 

0 

0 

XM 

0.33 

0.0 

0.0 

yx 

3.0 

0.0 

■  ■ 

X5f^ 

0.39 

0.0 

2.0 

wm 

TO 

?3.0 

£9-0 

mm 

KOV 

0.29 

2.0 

1.0 

■n 

LS 

0.23 

17.0 

16.0 

t!Z17 

BC1 

1 

-0.25 

1.05 

0 

0 

XX 

0,34 

0.0 

0.0 

YM 

BM| 

C.O 

wm\ 

XQS 

I  ■ 

0.39 

0.0 

mi 

TO 

InsfH 

H 

0.0 

HOY 

mm 

0.3* 

0.0 

3S 

mm 

■29 

s.o 

KU 

aci 

-0.125 

-0.325 

1.05 

0.3 

0 

» 

0.39 

16.0 

16.0 

mm 

YH 

0.0 

0.0 

XQS 

0  .43 

0.0 

YQS 

. 

7.0 

HCV 

0.3b 

L°-°  1 

IS 

0.34 

SS 

mmm 

4,  V in.!  simulation  Included  .mean  wind,  U„  -  30  its.  Tiirust  vector  control  available  to  trim  longitudinal 
steady  forces. 

2.  Tyoastrical  Configurations  -  lateral  derivative  has  ease  value  as  corresponding  longitudinal  derivative. 

3.  Key:  XX.  longitudinal  ran  severing;  lateral  aaneuvering;  XCil,  longitudinal  quick  stop;  TO.  lateral  quick 
stop;  U',  landing  sequence;  KOV,  precision  liovnr. 
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TABIE  C-VIII 


YAW,  PITCH  AND  ROLL  CONTROL- MOMENT  RESULTS 
FROM  THE  DIRECTIONAL  CONTROL  STUDY 

Longitudinal,  Lateral  and  Vertical  Parameters  Listed  in  Table  A- I 
See  End  of  Table  for  Explanation  of  Notes 


(a)  Fiv 2- Percent  Exceedance  Control- Moment  Levels 


C«se* 

E»3ic‘ 

Conf. 

D1 

- 

0.005 

BC1 

D2 

- 

0.005 

BC1 

D7 

- 

0.005 

BC1 

: 

d3 

- 

O.OOj 

BCl 

D13 

0.005 

BCl 

Directional 

Rjrssstere 

Varied 


0.32  0.63 


TU  0.2? 


HOT  0,29  O.18  0.39 


0.43 

0.15 

0.59 

0.12 

0.35 

0.27 

0.49 

0.39 

0.38 

0.33 

0.58 

0.40 

0.25 

0.62 

0.63 


0.31  0.64 


0.53 


0.29  0*59 


0.30  0.24  0.45  0.16 


0.39  0.24  0.56 


5 


0.55 


0.28  0.59 


0.53 


0.29  0.56 


0.35  0.26  0.40  0.16 


0.39  0.27  0.55 


TABLE  C-VIII  (Concluded) 

(a)  Five- Percent  Exceedance  Control- Moment  Levels 


Case1 

Basic*' 

Cent. 

Directional 

Parameter* 

"iried 

Sub* 

Task3 

Fixed  Ease 

Moving  Base  ! 

Pilot  A 

Pilot  B 

— 

Pilot 

B 

«r 

»cB 

■V 

% 

a 

SloT 

S 

S 

s 

Slat 

S 

m 

sis'; 

XM 

□ 

tz 

■ 

s 

u 

0.56 

Dl6 

YM 

■ 

1 

■ 

Bjj 

- 

0.^5 

-1 

itl 

0.6 

0 

XQS 

■ 

■ 

■ 

■ 

m 

n 

--1 

m 

3C1 

■ 

■ 

■ 

■ 

0.6l 

m 

| 

jm 

- ’"1 

0  M 

o.r 

_ 

■ 

1 

— 

_ 

■ 

a 

■ 

■ 

■ 

■ 

i 

0.22 

0.56  } 

(b)  and  Percent  Time  Yaw  Control- Moment  Command  Exceeded 

Installed  Limit,  PNL 


Case1 

«v 

Directions 

Paran^ters 

Fixed  Ease 

Moving  Base 

3asl!:': 

Varied 

Sub- 

mm 

IS  - 

_ 

Pilot 

B 

Pilnt  B 

Ccr.f. 

m 

□ 

*ask^ 

SI 

BE! 

m 

m 

Cl 

siti 

m 

El 

Sim** 

V 

■ 

XM 

m 

■ 

_ 

o.uo 

[50 

mm 

D20 

i 

YM 

m 

_ 

■ 

■ 

BBI 

m 

0.88 

0.68 

m 

• 

-1 

0.10 

1 

0 

XQS 

a 

■ 

■ 

■i 

u 

Qg 

■ 

0.63 

PCI 

1 

0 

■ 

■ 

m 

a 

■ 

■ 

m 

■ 

Bl 

Hi 

1 

TU 

B 

B 

u 

s 

■ 

■ 

m 

BQ 

m 

Hg 

13.20 

■ 

HOV 

■ 

■ 

■ 

■ 

■ 

BS 

o.?6 

0.56 

| 

□ 

■ 

0 

b 

0.39 

0.3S 

Bl 

D21 

1 

m 

■ 

gg 

0 

m 

s 

0.36 

0 

0.68 

- 

-1 

0.13 

0 

H 

Eg|| 

0 

m 

EEjl 

0.38 

0 

0 

B 

BC1 

9 

Q 

■ 

m 

B 

0.22 

0.i<0 

■ 

0.31 

■ 

9 

□ 

M 

B 

0.»*7 

7.50 

S3 

0.31 

1.00 

B 

0.86 

0.39 

b.70 

9 

a 

B3 

gg 

■ 

B 

■ 

0.36 

0.25 

0.50 

■ 

9 

a 

■ 

■ 

U 

■ 

■ 

( .60 

0.58 

M2 

■ 

1 

D 

■ 

m 

■ 

■ 

0.?8 

___  1 

- 

B 

0.16 

9 

0 

XQS 

■ 

■ 

U 

a 

■ 

0.58 

B 

BC1 

B 

1 

YQS 

a 

■ 

s 

■ 

■ 

s 

■ 

m 

B 

B 

9 

D 

B 

0,3« 

0.86 

0.1.6 

1.10 

9 

■ 

lJ 

0.39 

0.22 

0.52 

1.  Wind  simulation  included  Bean  wind,  •  10  kts.  Thrust  vector  control  available  to  trim  longitudinal 
steady  forces. 

2.  Symmetrical  configurations  -  lateral  derivative  has  cane  value  as  correspcnding  lo?g  tudlnal  derivative. 

3.  Key:  XM,  longitudinal  maneuvering;  YK,  lateriu  maneuvering!  XQ3,  longitudinal  quick  ctop;  YQS,  lateral  quick 

stop;  TO,  *160  deg  turn- over- a~ spot;  KOV,  precicion  hover, 

1*.  Sia.:  Simultaneous  control  moment  usage,  exceedance  coaputationc  performed  on  the  function  (Pr^l  ♦  \lQ\ ) . 


APPENDIX  D 


SUMMARY  OF  FLYING  QUALITIES  DATA  AND 
PILOT  COMMENTS  FROM  CALSPAN  FILOT  EVAISATIONS 


Flying  qualities  data,  (pilot  ratings  and  pilot- selected  control  sensi¬ 
tivities)  for  the  flight  simulator  evaluations  with  Calspan  pilot  B  are 
summarized  in  Table  D-I.  Another  Calspan  pilot  participated  briefly  in 
the  UARL  program  but  did  not  perforin  flying  qualities  investigations. 

Calspan  pilot  B  evaluated  both  lateral  and  longitudinal  control  test  cases 
and  height  control  cases.  Turbulence  effects,  control  lags  and  delays  .aid 
control-moment  limits  were  evaluated  in  the  longitudinal  and  lateral  cc  itrol 
investigation  ( Table  D-l(a)).  The  interactive  effects  of  height  velocity 
damping  and  thrust-to- weight  ratio  were  evaluated  in  the  height  eontro- 
study  (Table  D-l‘(b)). 

Edited  pilot  comments  from  the  Calspan  pilot  B  evaluations  are  summar¬ 
ized  in  Table  D-II.  Comments  for  the  longitudinal  and  lateral  control  oest 
cases  are  shown  in  Table  D-Il(a)  and  those  for  the  height  control  test  cases 
are  contained  in  D- 11(h). 
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TABLE  fr-II 


PILOT  COMfflJffiS  FROM  CA.LSFAN  PILOT  E7ALUATICNS 
'(a)  Longitudinal  and  Lateral  Control 

Cone  sc:  --  us  *  vb  »cn  -  i:l  -•  1.7  ut*  -  aM7  1.^  ■o.tSfi  m  6 

Control  sensitivities  -  i  did  get  adequate  roll  control;  however,  the  coni  jurat  ion  ic  suer.- that.  it's  difficult  to 
stop  it.  where  you  ua.it,  so  you  have  to  anticipate  suite  a  bit.  Adjusted  a  naitivitiec  to .give  enough  quickness  of 
response  so  I  would  attempt  to- step  without  having  to  anticipate  as  much .  Hicii  t!ierc  vbs  a  tendency  to  oscillate 
sc  I  finally  cacprcaiseo  aiki  accepted  the  sensitivities  tha*-  t  ha/a  now.  Air  taxi  around  the  square  -  it'svcry 
difficult  to  rerain  over  flic  spot  on  the  ground,  primarily  oicau.e  I'm  behind  die  alrpiano  or  Pa  cvercon.,roHir,, 
in  attempting  to  maintain  a  peel  tier. ,  It  does  secic-thst  pitch  response  and  bonk  angle  response  are  quite  good  but 
the -aircraft  response -in  translation  ',a  very  sluggish  in  both  directions,  both  ir.  trying  'to  pet  it  start'd  snu 
stepping  it.  Cr.ce  you.  sot  it,  started  it's  quite  difficult  to  stop  it  vita  any  precision  at  nil.  ion  approx  irate 
the  tack  and  that's  about  O.  you  can  do.  Thera  is  a  lev  lcve,  of  pr.cisioi.  rere.  If  I  concentrate  very  hard  I 
can  usually- stav  within -ti*.  3G-ft  squire.  Holding  heading  is  no  problem,  There  is  scev*  change  in  altitude,  out 
not  very  “uu>:  —  rvy  je  tV  or  B  ft.  Crick-  steps  -  Don't  reauly  have  any  precision,  J v i  just  have  to  name  sore 
pretty  large -inputs.  T  managed  to  ao  it-a  couple  oi  'u;>s  fairly  veil,  but -it-vas  strictly  a  hit-or-aiss  proposi¬ 
tion.  fuming  over  a  spot  -  'hut's  a  problem '  the  big  uifficulty  is*to  stay  within  HO  to  20  i't  of  the  center  of 
die  -quar-.  Hover  -  The  ability  tc  maintain  pi-;*ci  n  hsyev  is  quite  poor  as  far  as  attitude  and  argular  rate., 
arc  concerned;  hove  car,  it's  not  baa.  As  usual,  „&\>e  quite  a  bit  of  trouble  laterally.  Scene- that  I'n  sliding 
back  and  fertn  all  the  time.  The  action  -torts-  q'u-tc  subtly,  but  once -it -starts  it  is  difficult  to  step.  Overall 
evaluo :ien  a  Hie  major  objectionable  fentircs  are  tne  sluggishness  iu.-esisir.se  and -control.  of  the-  displacements, 
favorable  features  include  the  fact  that  height  control  is  prety  good,  heading  control  is  ro  problem  and  there  are 
really  to  oscillatory  tendencies  at  all  in  any  direction. 

Case  CIS  FC2  He.  «  HI.  Lca  HI.  flew,  •  UJ.  <rjg  -  .tv,,  .  0  a  0,3>’0  *  O.JfO  If  .  ^ 

Case  CVs  £C2  ■-  UL  1^.  »  ili.  Her,  -  UL  <q,>;  •=  ave  -  1.7  Kjc  -  O.380  !,g.  .  c.320  r<  .  '} 

-Hitli  turbulence  'Cl j)  I  would  say,  for  all  practical  purronei,  tnat  the  aircraft  it  unflyable.  1  aan  maybe  keen 

it  in  the  fky  but  the  excursions  arc  very  luce  and  I  get  the  feeling  I  really  don’t  have  much  control  over  toe' 

aircraft.  :  didn't  jet  a  choncc  to  dc  anything  in- too  w*y  of  Bajadvarini;.  All  I  van- try  ir;,  to  do  vas  to  hover 
ever  a  spot,  and  I  vnen't  -blc  to  do  snot.  So  i  tried- various  gains  en  the  cyclic  both  in  pitch  and  roll  a.m  just 
diibi't  feel  If  -as  very  good,  I  think  it  improved  soon  vdien  t  went  up  to  higher  sensitivities,  but  not  suffi¬ 
ciently  that  I  would  accops  the  airplane.  'fnis  cut.  dewn  the  level  or  magnitude  of  the  excursions,  out  '.till 
didn't  think  It  was  a  flyablc  or  aooepta  lu  airplane  and  I  couldn't  do  the  tack.  £0  then  t  flew  it  without  turbu¬ 
lence  (CIS).  Without  the  turbulence  I  vas  able  to  do  the  maneuvers  to  £««•  extent.  1  get  th"  irprereion  that, 
even  without  turbulence,  there  arc  gun.  external  disturbances.  These  way  be  inadvei tor-tlj  pilot-induced.  Cer¬ 
tainly  it'r  a  tremendous  difference  between  turbulence  in  and  turbulence  out.  Wit),  turbulence  ICbjj  I  would  have 
tc  reject  the  ct, figuration  completely- locause  at  sor.e  point  you  prcrably  will  lose  it,  especially  ii  the  turbu¬ 
lence  were  aiiy  hlpjiei .  bow,  In  smooth  air,  It  lid  sc*x.  tiiere  -was. seme  lag  in  rerpor.ee  to  control  inputs,  about 
all  axes,  In  spite  of  thi  last  'hat  the  height  control  is  prettv  goou.  I'd  nave  to  cove  the  oollcctivi  only  a 
number  of  times,  t  think  1  vm«  able  tc  initiate  the  metier.  alright  but  precision  of  rtabilixing  veloritics, , etc. , 
wasn't  very-  good  at  ail;  I  don't -think  ay  hover  capability  was  real  good  although  1  d  i  a  manage  to  Make  some- turns 
In  both  directions  and  root  of  the  time  .teyed  within  the  ro,*rc ,  Tiiere  seems  to  be  quite  a  bit  ci  change  in  atti- 
tude,  pitch,  primarily .  Tr'cU  sene  quid,  stops.  If  •  airplane  responds  sluggishly;  there  scons  to  be  a  fair  amo’int 
of  lead  required  to  either  stop  lateral  notions  or  longitudinal  rot, on.-.  In  turaiiq  over  u  spot,  ro  real  pioblri... 
stopping  on  a  heading,  there  is  apparently  no  cress-coupling  between  the  rudder  and  Ik-  cyclic.  Probably  would 
have  been  able  to  land  this,  at  1-art  in  snoots  a'r.  In  regard  to  see.  qaary  <V,qiaxiqs,  in  the  higher  rate 
maneuvers  there  vas  sow  cross-coupling.  Ihc  major  objectionable  feature  was  the  latk  of  precision  with  which  1 
can  initiat.  and  Vsiltre  velocity  ami  perition  over  the  surface.  X  did  .visage  to  do  sew  Jfai's  “"airly  geo-l  in 
never,  but  that's  about  the  onlp/  tiling  I  was  able  to  do  fairly  well. 

Case  ClU  BS3  M.y  VL  hea  -  id>  Nc„  *  bl  <-uc  «  ovg  e  0  Mjc  O.jro  r  0.365  IS  -  If. 5 

Cate  Ci.5  1)03  l-'cr  -  W>  U\j  '  ft  -'ca  ‘  HI.  *  ov^  »  1.7  Mge  e  0.320  j  O.Jt-,  P-R  10 

Tried  it  with  turbulence  tCLf '  and  found  tl  ccopletcly  unacceptafe ,  probably  a  10  rating.  I  flew  it  lor  a  couple 
of  minutes.  In  nxoth  air  ,'CIk)  I  tried  quite  a  few  gearings  and  I  thought  that  night  help  but  it  didn't,  it 
looks  like  lightly  damped  roll  nodes  and  i'n  not  sure  about  pitch.  Ihorv  wore  tines  where  It  alcort  felt  like  the 
airplane  vented  to  go  on  lti  own,  but  in  ai.y  car"  didn't  have  precision  of  control.  I  had  more  trouble  in  roll 
■than  in  pitch.  Maneuvers  not  very  cucorsoful.  Regardless  of  control  sensitivities,  I  never  really  .cl c  I  liad 
good  lateral  control.  .  oldn’t  have  nearly  as  much  trouble  in  pitch  as  in  roll.  Hot  able  to  establish  any  decent 
bank  angle;  very  easy  to  overcontrol.  I  didn't  like  it,  couldn't  really  stop  or  hover  precisely.  Hot  really  able 
to- stay  within  ground  t-ack  limits.  Quick  stems  -  Hot  really  very  good  at  all;  I  tried  none  but  seems  like  the 
airplane  wantr  to  take  off,  especially  in  the  lateral  quick  stops.  Turning  over  a  spot  -  Didn't  look  real  bad. 

It  does  sees  that,  once  you  get  the  airplane  under  reasonable  control  and  wet  everything  steadied  out  reasonably 
well,  it  can  bo  held  reasonably  veil. 
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TABES  D- 11(a)  (Continued). 


Cnee  CU>  BCb  *  \>i  lea  -  UL  »cn  *  UL  ^  * <rV(,  -  0  «5e  ’  0;321  Lga  0*3C*  IR  3 

Care  CL?  BCh  *.  UI,  UL  *  UL  <ru’  *  ay^  *  1.7  fyc  -  0.321  L*u  *  0.3fo  I*  -  Ut$ 

It  was  quite  a  bit  nore  effort  to  try  to  do  the  tack  In  turbulence  (CL7)  but  I  was  oblo  to  do' that  and  even  hover, 

ray,  fair*.  1  could  even  Keep  vithin  the  7-fl  square.  Lot  of  control  activity  in  the  turbulence,  however.  The 
configuration  -does  scem'.to  have  reasonable,  stability  anti  damping,  and  the  responses  to  control  inputs  appear  tc  bo 
reasonable  with  .the  particular  gearings  I  chose.  In  smooth  o-r  the  response  to  control  inputr  woe  fair.  V’  docs 
still  seen  that  there  ore  sene  lags  in  the  initial' responses  to  control  inputs.  1  also  did  a  fair  amount  of 
height  control .power  inputs.  I  washable  tc  establish  displacements  and  velocities  with  reasonable  precision  in 
smooth  air.  Hovering-  capability- vac  reasonably -good.  &Aild  do- the  turns  over  a  spot  reasonably  veil,  I  really 
don’t  see  anything  strongly  objectlonaMc;  the  biggest  tiling  .probably  arc  seme  logs  in- response  to  control  inputs, 
but  they  are  not  really  so  bad.  Could  do  it  fairly  veil.  Have  cepe  difficulty  with  bank  angle,  but  It’s  probably 
*fce.  So*fn  smooth  air  I  would  say  the  aircraft  vac  pretty  good.  I  tliink  performance  in  smooth  air  was  satisfac¬ 
tory  vithout  improvement v  In  turbulence  the  vork  level  certainly  goes  up  quite  a  bit  and  maybe 'this  ic  Jus?  a 
Matter  of  proficiency.,  u.  turbulence  the  pilot  compensation  and  workload  arc  really*  fairly  high. 

Case  cm  bes  Mcw  «■  UL  lcn  %  *  UL  <ru<J  «  <rvc  -  0  M6e  *  0.370  L5a  r  0.3'ul  FR  *-  3 

Cue  CIS)  BC*>  -  UL  UL  -  UL  Cfy  *  -  1.7  Mfic  -  0.386  L§a  -  0.^0?  IK  -  7 

Flow  this  in  smooth  air  first  (Cift)  and  x  thought  ovcie.il  it  vac  an  excellent  configuration.  The  only  thing  T 
noticed  van  u  tendency  to  bobble  the  airplane  a  little  ir.  pitch.  Whether  there  is  lightly  damped  pitch  oscilla¬ 
tion  here  X  don’t-kr.ov.  Coula  have  Just  been  closed-loop.  Noviced  this  particularly  when  X' tried  to  make  a*, 
fairly  rapid  attitude  change.  The-  control  sensitivities  seemed  to  be  adequate  in  smooth  air.  I  then  flew- short 
time  ir.  turbulence  (CL9)  end  felt  the  need  to  increase  the  control  sensitivity  to-be  able  to  offset  sene  of  the 
* ;usts.  Hot  really  cure  which  van  better:  without  the  higher  sensitivity  it  seemed  that  I  Just  didn’t  have  suffi¬ 
cient  control  to  keep  the  aircraft  excursiona  small  enough*  Un  the  other  ha  id,  with  the  hither  gearings  it  lid 
seen  that  I  got  into  more  high-frequency  FXC’i,.  Wasn’t  sure  which  to  take,  but  it  did  seen  that  this  gearin'  T 
bore  in  turbulence  (CL9)  Is  better  suited  for  precision  control  in  doing  the  hover.  The  follcwing  cccrtchw  are 
in  racott.  air.  Kerponse  to  control  input  techcdto  b^  reasonable,  although  there  vert  times  w)u.n  X  felt  it  was  a 
little  sluggish,  but  I  did  seers  to  be  able  o  stop  tne  thine  without  needing*  n  lot  of  lead,,  oo  maybe  the  dam'  aw, 
ir  pretty  good.  Tiie  controllability  ol  position  and  velocity  seemed  reasonable  Could  hov«r  very  veil,  f  .uid  do 
turn?,  over  u  spot  very  veil.  Very  rarely •  vent  outride  the  7-ft  square,  Oould  do  th*  quicx  stop*.  qu<  te  veil 
altho^igh  it  did  seem  that  I  couldn’t  really  generate  high  enough  velocities  with  the  control  power  I  had.  Tn 
other  words,  for  the  quick  stop  I  would  have  expected  to  get  a  little  hi  flier  cprtcd  going  and  make  H  much  quicker, 
but  this* my  be  a  function  of  the  gearing  t  chore  or  it  nay  Just  be  a  ruction  of  the  dynamic s  if  the  aircraft. 

In  any  event,  i  was  able  to  <’o  all  of  the  tasks  vith  what  I  considered  to  be  pretty  good  precision.  ’(he  only 
possible  objectionable  teatoro  is  that  the  response,  nay  In  initial  response,  to  control  inputr  c,  old  be  a  little 
clow  and  possibly  com  sol  power  maybe  vac  a  little  low.  Thin  may  be  my  fault,  going  vith  the  gearing  T  had,  X 
don’t  really  ree  that  thcro  ir  anything  object1 ' "able  about  it.  In  smooth  air  I  certainly  vcyld  rate  it  satlr- 
factory  without  improvement  for  the  task  I  wa.  t?x«g,  with  only  negligible  deficiencies  or  roue  mildly  unpleasant 
deficiencies,  in  turinuencc,  t  had  quite  a  Mt  of  trouble.  The  performance  in  turbulence  certainly  was  not-vhnt 
l  would  consider  very  eood  so  that  the  air  clone  would  ro  into  the  deficiency  -warrant- L^provemont  category. 


Care  Ojn  l-<*  M<.„  '%  f-c*  m  .V,  --’t-  <r,v  <rv<>  0  MS(1  O.UV  0.?T}  U!  » 

Ho  crtnenla  dqr  to  defective  reeowUng* 
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i  didn't  f^cl  any  great  need  to  try  a  rargo  of  control  cent iUvitics,  so  1  left  then  whexv?  they  w<*re  initially. 

Air  ta-V*  around  th«  square  -  Response  to  control  inputs  sc.ercd  a  little  sluggish  about  all  axe. ,  iut  vur  'A  Xe  to 
stabilise  and  hold  desired  velocities.  However,  witii  the^o  gearings  the  rater  were  generally  rnth-  r  rrvjll  j or 
fairly  larg.i*  tnpats,  cut  *  felt  ectafortabie  with  it.  fooe  la?.  *«,  -Uiation  of  ij-o  motion.  War  able  to  stop  tht 
jaotSon  rather  rapidly*  but  it  did  take  s'airly  iar^.c  attitude  changes  to  lo  it.-  Could  actually  overcontrol  quite  a 
bit  end  qfcill  bo  able  to  stop  the  motion  pretty  eli.^e  tn  where  X  wanted  it.  Was  able  to  cane  tc  a  hover  at  Die 
corners'  fairly  well.  Attitude  changes  required  were  ’'airly  large,  but  minly  tecausc  l  would  wait  quite  awhile 
before  1  would  try  to  step  it.  Ability  to  remain  >jlU«lr.  ground  track  vac  pretty  good.  Wan  able  to  hold  heading 
well.  Control  deflections  were  /erv  often  cn  tne  fairly  largo  ride.  Ability  to  hold  headirg  wasn’t  bad  at  all. 
Central  motions  were  fairly  larg' .  Turn  over  a  coot  -  I  tn^iv^ht  ny  perfomanc''  war  very  good  as  far  as  caking 
turns  and  he ve ring;  height  centre,  a;*  no  particular  i,rcMer>.  Could  initiate  and  mintnln  the  turn  rate.  £t 
seems  to  me  it's  strictly  r/*  chant  cat  pur’,  tne  r^idar  In  a  certain  (.mount,  ret  up  sojjO  kind  of  yaw  rate  and 
that’s  it.  You  car.  practically  like  *■  -  fc-  t,  nff  ihe  rudder  and  it  will  Jurt  stay  there,  and  when  vou  get  W thin 
^  or  10  degc  of  where  vcv  want  to  r-top,  ist  put  In  The  opposite,  rudder.  Doesn't  seem  to  be  any  yv.rtleular 
trouble  at  l  car  stop  at  n  preselected  U  lug  very  well.  Mo  wing  tilt  eout-ol  vcM.  Certainly  i  could  establish 
hover  quite  well.  Control  wan  adequate  for  vertical  1-  *.cu.  *.  X  would  probably  say  the  most  objectionable  feature 
was  that  the  aircraft  wasn't  very  responsive.  The  fqv  ■»  *'caturo  ic  Umt  I  can  do  all  tiie  mejicuverc  with  good 
prericion. 
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Cnee  you  establish  a  velocity  vh lie  nar.eir; o^ifcg ;  it  can  be  held  reasonably  well.  The  problem  was  i:i? initiating  it 
in  such  a  way  that  the  pilot  didn’t  oscillate  or : develop  a  PIO,  Ability  to  step  precisely  *as  c  little  probiecs 
because  cf  the  dynamics  and  tbe  necessity*  for  thr  pilot  to  reduce  hie  gains  so  he  didn't  get  into  a  PIO.  I  think 
there  are  tinea  when  the  attitude  changes  arc  rather,  larger  especially  in  pitch,  but  in  fact  the  attitude  changes 
arc  really  fairly  snail.  Would. rate  the  ability  tc  venain  v*thin  ground  ..track  lie  Its,  to  hold  headings  and  to 
hold  altitude  as  fair.  Scesed  like  the*  altitude  ’control  was  not  quite  as  precise  as  d<  tflrcd,  rainly  because  I' was 
concentrating  rore  cs i  attitude  inputs  because  of  this  tendency  to  get  into  a  PIO.  Did  seer- that  I  was  na> -fig  s«c 
fairly  large  control  deflections  in  pitch  and  roll.  To  get  large  .ink  angle  (10  deg  rax)  rapidly  and  tv ,t.  try  tc 
stop  it  resulted  in  getting  behind  the  oscillation.  That  part  of  Jie  problem  was  strictly  pilot-induced.  For 
snail  corrections,  didn't  have  that  trouble  c.t  ell.  Really  noticed  this. only  in  the  large  inputs  and  when  1 
required  large,  high  rates.  Dcn't  think  I  was  able  to  acccopUsh  what  you  night  consider  &  quick  step  taneuver. 

If  I  tried  I  Just  felt  that  I  didn't, knew  whether  I  could  stop  the  r.otion,  because  I  get-into  a  pilot  oscillation. 
Don't  think  there  wer*J» ary* excessive  attitude  changes;  was  just  cautious  about. getting  the  aircraft  to  cove 
laterally  And  maintain  reksojAble  race's  cs  I > could  avoid  oscillation.  Ability  to  hold* heading  and  altitude  was 
socevhat  degraded,  I  thina  Hainly  because  -I  was  nore  worried  about  stopping  it.  Turning  over  a  erot  didn’t  pro¬ 
vide  such  .trouble.  Would  be  drifting  a  . kittle  but  cculdaakc  corrections..  Only  tine  I  felt  in  trouble  was  when 
attltudo  rates  got  high.  Die  objectionable  fracxxre  /as  that  large  attitude  changes  had  to  t'c  rade^slcwly  to  avoid 
getting  into  su  over  control  situation  and  PIO.  However,  for*  snail  amplitudes  and'*  snail  corrections,  and  when 
tilings  were  -y  veil  stabilised,  the  precision  .  control  wasn't  bad  at  all.  Special  piloting  technique  is  to 
cake  central  inputs  so  as  to  stay  away  frc*s  cscil/atcry  tendency. 


Cose  CI03  Bek  K-n,«  UL  •  UL  i!Ca  »  Uv  aug  »  ovg  ■>  0  dc  »  ia  -  0.1  «  0.355  Lga  ■  0.3'il  FR  »  ?.5 

Triad  higher  lateral  ar.fi  longitudinal  sensitivities- and  rapid,  large  spplitudc  pancuvers.  With  the  higher 
sensitivities'  I  could  ao  a  pre'ty  good  Job  although  I  secned  to  be  a  little  More  oscillatory,  so  I  decide!  to 
reduce  the  gains  to  roughly  the  Initial' values,  Air  tari  around  the  square  -  Rocpehsc  to  control  inputs  '.ee&s  a 
little -slv^sish.  however,  it's  r.ot  really  dlffleujLC  to  stabilize  and  hold  desired  velocities  even  theugh  a  little 
on  .tho- slow  side.  Ability  to  stop, precisely  not-too  bad.  Secncd  to  be  a  relatively  easy  thing  co  stop  precisely. 
Attltudo  changes-cay  be  alibi,  <  on  the  high  side.  Ability  to  recoil,  vithln  ground  truck  t's.ts  was  quite  good. 
Could  hold  headinga-,*  <ut*tude  quite-vell.  Control  deilectiona  at  tines  seated  to  be  on  the  large  side  with  this 
gearing.  ro<v<W,lc,  to,ge*.  5  icg  ofbahk  angle  requires  alnost  full  throat,,  although  T'p  hot  hitting  the  'tops. 
Didn't'  uje  any  trip,  Quick  stops  .  Wit  this. gear  ratio  you  don't  really  pic),  u;  very  large  velocities.  Alter 
r.shlng  an  input  it  takes-a  little  vh.i.  for  the  volocf'v  to  pick  up.  Jo  detcminc  itevtsueh  to  lead  it  to  stop 
didn't  seetr to,  be  a  very  difficult.  thing.  Ability  to  hold  heading  and  altitude  vus  quite  Rood.  Control  sntlcns 
required  oro- substantial  but. Manageable.  Ability  to  hover  over  a  spot  was  very  good.  Height  control  no  problcs. 
Utchinnd  roll  control  quite.goofi.  Ability  to  initiate  and  hoid  turn  rates  nr  prcblen  and  stopping  tn  a-pre- 
ccleoted  heading  no  problen.  I  was  ver,  happy  with  the  precision  of  the  hover,  precision  of  the  turns,  ability  to 
stop  the  potions; even  though  there. are  sopc  lags  in  the  systen  theyvore  still  quite  noticeable.  Control  activity 
for  vortical- landing  la  probably  2airly  norrai  for  aVSTOL  airplane,  The  basic  good  feature  is  tnat  the  perfora- 
ancc  is  quite  goe<l  without  excessive  workload,  tie  particular  piloting  techniques.  .  think  it’s  acceptable  end 
satisfactory,  probably  doesn't  need  any  .pprovenento  units,  you  arc  !<,  king  for  a  highly  responsive  aircraft. 


Cate  CUl  3C1  V<n  -  0.,V5fS  iCo  «  l.lf-l  n.obO  <ru„  -  <rV[,  '  0  K*,  *■  O.Ctf.  -  O.i.’t  FR  -  1C 

there  la  no  question  that  this  is  an  unacceptable  ccnf iguroti in.  1  tried  a  range  of  longitudinal  control 
sensitivities  because  I  got  into  a  lcngltudir.nl  FIO  which  w.n  r,v  large  and  I  was  tv  far  behind  it  that  I  in  effect 
loot  control,  increased  tho  sensitivity;  tills  scoped  to  iapao<e- things  sonevhat  as  lens  at  l  flew  i-r.c  a.rpla r.e 
very  tightly  and  wit);  spall  asplltude  fiisiOncbtenta,  Could  ba  the  pitch  rate  and  attitude  both  u,  upio  ,n  here  tc 
ret  pe  Into  trouble.  If  I  got  the  aircraft  roving -forward  pretty  fast  in  tsylng  tu  quick  stop,  Jt  required  very 
large  bitch  attitude  to  stop  it.  This  ie  when  I  get  into  what  appeared  tv  be  a  very  large  auplitude  situation 
wliere,  in  e'feot,  t  lest  control.  Did  this  about  three  or  four  tlnet  and  went  back  to  initial  ecn.dU'sns.  >.e 
can  control  tho  aircraft  ami  Jo  the  Maneuver  task  *>ut  you  have  r o  do  it  with  cpo.ll  anplivuJcc  uvi  cla’  rater  . n 
pitch  attitude,  vnoe-yeu  got  into  large  amplitude  Jisplsocaentc  and  high  plteli  rates,  then,  in  effect,  control 
wss  lost.  Would  have  to  rite  this  an  unacceptable  configuratisn.  It  t\  like  Co  itrol  power  was  way  down  and  So 
I  Just  .-an’t  aoeen'  e!ic  aii-plone. 


Case  doS  8C1  Mc0  ■"  0.216  1^  *  0,;-'i8  !(Ca  -  0.056  and  Lst  Unknown  K1  «  t 

A  pretty  lousy  configuration;  r.ot  nearly  os  oad  as  the  one  i  Just  lind  (CLlt),  but  has  siailar  eharaoteriotics, 
although  thc-blggest  prohiei'  filth  this  one  appears  tv  be  in  ovntroUing  longitudinal  posit.cn.  Don't  seen  tu  have 
Much  control  of  forward  end  aft  wlocit.cs  or  cf  being  ublo  tc  stop  it  with. any  degres  of  precision,  lateral  con¬ 
trol  is  not  very  good,  but  does  seen  to  bo  a  little  bettor  thru,  longitudinal.  Initial  res]»nse  to  conlinl  inputs 
seeas  to  be  clow;  however,  enco  you  get  it  etartea  you  do  seep  tc  have  di'h'iculty  establishing  a  .art' v.r  rate. 
:.t  doer  seen  to  take  a  large  pitch  attitude  chuige  to  get  it  raving  and  tc  step  it.  Don’t  seen  to  have  ,uiy  idea 
when  to  .-take  control  reversals  to  r .op  It  preo,.cly.  Don't  think  ny  ground  track  was  very  good  it,  any  rase. 

Always  had  sene  heading  problens  here  because  i'p  very  often  Inadvertently  p.vtin.;  rudder  in  when  I'n  tryi!^  to 
turn  or  bank.  Where  it  atopped  'ln  the  quick  stops  was  unpredictable,  Con't  step  it  vherc  X  wan—  l  It.  Ihen 
trying  to  hold  it  was  also  s  problea.  Turning  over  a  epot  vna. quite  regged.  errors  vero  on  tho  order  of  fit  or 
”0  ft  froa  tiie  center.  Tried  flying  it  very  tightly  but  Just  wasn't  really  able  to  acccc.plisli  it.  .1,er''orrnr,ce 
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war  quite  poor.  TnitS  to  uaia**te  a  hover  resulted  in  position  errors  cn  the  order  of  *10  to  ±5  ft.  Kut  cure  i 
have  adequate  trail  ol  fer  vcr-ical  landing.  I  suppose  you  right  hjve  some  veioci  ty ,  arid  'just  .$0*  diced  aria  land 
it.  k\t  trying- to  Mt  a  spot  is  quite  difficult.  Dots.cf  control  activity.  Objectionable  features  aic  the  fact 
1  JSunt  don’t  seen  to  Kijcw  what  Kin'*  of  ii.pntr  t.<  riru.e  to  stop  cations  cv  ir.it if  te  motions  of  t.\c  magnitude  and  tr.o 
precision  desired.  Ho<r<al  special  piictirig  techniques  except  that  ycu't-ry  to  second-gues  cr  anticipate  .the 
inputs.  Eacieally  Tt!s  a  very  poor  configuration  free,  the  standpoint  cf  precision  of  cent 1  w-  ar.d  performance, 

Ctate  CUC  BC1  Xc.|  r  0.f.lC>  -  0,c^9  I«cr,  D  C.09G  er„g  i  ^  *  0  K$c  -  C>;0  lgc  *  O.jfcl  r?.  *  3.5 

t  tried  cvcraX  control  sensitivities.  At  the  higher  values,  get  into  suao  PTO  pr;M?srs.and  soo*  cerccntrol 
preplans,  so  I  .ecucca  them  a  little*  There  is  sccelag  in  the  response  to  control  inputs  and  it  woes  take  a  fair 
amount  of  attitude  chaisge  to  get  things  moving,  but  it’s  not  excessive.  Can  mir.t«in  ve let- ties  orce  I  vc  estab¬ 
lished  thrss  as.  long  as  they  arc  not  too  nigh.  I  do  seen '-.to  run  into  seme  problems  I  increase  c y  gainond'S-akc 
In  ;e;  inputs;  ir.  othex  tvras,  if  the  rates  are  fairly  high  and  xfc  takes  large  amplitude  attitude  changes  toxtof 
the  cation.  Then  I  get  into  seme  oven  cntrol  ana  occillatoiy  tendencies .  For  2o*  and  moderately  lew  velocities  I 
saner  top  :  airly  wel"  sr.  thc-comcrr.  Performance  cn  ground  track  wasn’t  too  bad.  Hollins  heading  vas  OX.  Quick 
steps  -  Wouldn’t  s  iy  these  a?c  really  good  quick  stops.  The  main , problem  is  that  I  relate  t.e  quick  step  >ita 
h£»ii  rate.v*w**„ies'«nd  large  sapliavd*  pitch  or  b&k  angles,  vher*  I  get  into  trouble.  So  I’ve  been  a  little 
hesitant  "tc  get  It  going  too  fast.  I  old  r.ct  int©*scri«  P20  laterally  one  tine  when  JSssde  a  fairly  rani*  quick 
step,  Turn  over  a  sp,  t  *  That  actually  went  very  well  as,  long  as  I  nud  u  good  stat-c  rate  ft  turn  pr.d  r*ot  too 
fart.  Was  able  to  s*a>  lust  ccout  in  the  center  c!  the  spot  jt03*  if  the  tire.  At' the  s/vher  rates  I  vent  a 
little  outside  the  square.  r.\yce  about  5  it  r  w«  I  wan  fairly  nappy  with  the  hover  sm«  turns,  i'sjrlj’  happy  wit', 
the  lew  rates,  ucth  lateral  er.d  lorgitudaral,  net  too  happy  with  ^*e  quick  etep;  0 taterally,  it  takes  ^  moderate 
or.our.t  cf  concentration.  1  think  j ;  did  induce  sene  tort  cf  J*%era2  o S'** .lit tier,  at  ur.es, .especially  when  I  felt 
I  hac  to  rake  cate  pretty  rapid  inputs. 


Case  "UV  BC1  HCh  *  O.T#5  *  0.33?  Un  '  O.l^S  jrUg  «\y  a  0  %  *  i-6.  *  0.2t0  f?.  *  h 

Didn’t  do  too  rush  cr.  the  gemn^*.  I  ccc'.**d  to  bo  at  it  tc  ily  the  airplane  pretty  well  so  I  only  cnanced'the 
longitudinal  sensitivity  &  little.  Reopens*  to  control  inputs  sees#  to  ve  pretty  fair.  Var.  able  tc  initiate 
actions  out  it’c'r.ct  as  responsive  as  I  would  like  it.  As  loas  as  I  maintain  -  end  v  vo  moderately  low  vnlucs, 
ther*  is  nc  pi*cbi«s  In  maintnUi*^  dvcired  ^elouitias.  inert*  Is  a  la.„  in  U.t  x»*tpcnst  in  u  and  v  to  control 
Inputs,  but  the  attitude  inquired  to  the  airplane  tc  nove  in  the  /.  and  y  direction  seen  to  be  only 

rodtrxit*.  ''itch  attitude  changes  and  roil  attitude  cnaeg.es  to  stop  the  rowions  cec*a  what  i  would  rate  as  nodcr- 
atc.  Would  psefer  to  have  cnaUtr  rg.es  rtquUod  cut  it’s  *.ot  really  too  bad.  fvecision  to  ft  jy  over  ground 
tiack*var  fair  also.  lid  tak*  so »«  effort,  tut  yerfcrr,on''e  was  not  too  tad.  holding  heading  vis  net  a  problerr. 
ana  eititudo  control  was  iood  uni  control  acflccUcr.s  were  mederc^e.  Quick  stop*  -  Don’t  thirj.  JVf^as  good  at  1 
would  like  to  fee  it  but  it’s  really  not  too  oai  < itber,  Cccs  take  pretty  largo  attitude  changes 'to  perforsi  a 
euick  stop,  ^orn  over  a  spet  -  ea*  fair  tc  pool;  *t  least  i  didn't  have  to  work  toe  haid  and  I  could  probably 
ffcay  within  about  10  ft  of  the  center  ci  the  square,  lb  problems  4A>tiatisg  and  stopping  the  turn.  Again  I  did 
not  push  ti:c  rate.  Tn  the  hovor  th-  zc*  foiwoe  w.u  prett*  gcod*  Did  havo  U*  work  iairl^  h„rd  but  not  exces¬ 
sively  horn  tv  do  a  reasonable  Job,  nlti  wvfc  vcu’re  aiwavr  ne-^ir^  inputs.  Certainly  adequate  for  «rertltal  landing 
and  control  act*cit.  wouli  be  cor-r  ,dcr*u  ar.  roderate  to  •’vderatcly  hiph,  Sene  rligiit  crosc-couplinc:  beacon 
lateral  arid  lcngl«udSndA  nodes.  I  the  only  olj actionable  feature  I  could  fee  i*n-  the  i*ck  cf  rcrponciver.csr 
of  the  airplane  In  ihe  u  ana  v  celccitHf,  xbil.tt'  to  rV^p  precisely,  and  tlie  snail  leg  in  retpense  *f  the  air¬ 
craft  to  -•O'tCi'ale  control  *nri*i,  ^vIpo ,  th*  eutitude  charges  are  raybe  a  little  higher  thar  voula  like.  You  can 
iv*r',  irsn  vencntv  on  tre  airplane.  Desired  peri orruaicc  require.-  moderate  pilot  ccn.per.sa tier*. 


Care  dhlii  BOX  5'$^,  db  l*l>  *1^  •  U1  tr^,  •  0  •  O.hbV  L^,  O.DvO  T?  f> 

;nc<t  . rv^ral  -f  control  f.*n$ l tivit,* .  Increased  the  scnrlti^itj'  and  didn’t  particularly  l*k*  at  ;*snuse  I 

Into  roe'  iort  of  p«lwt«SndUQcd  •ccillation,  vainly  in  roil,  Th*r*  is  fct'U  e«-w  log  in  the  response  ir*  the 
llsplacej-entt  ani  vcloeitl*'s,  tf  the  aircraft.  Hiu  wur  a  sort  oi  nod^rately  difficult  configuration  to  fly.  Was 
able  to  do  sene  things  u*  h  pr*ttj  g/'Cd -precision,  rut  it  did  take  a  lot  of  concentration.  It  did  have  a  tendency 
to  lag  th*  control  Input. ,  yov  had  to  anticipate  t. topping  tnc  metier,  of  the  aircraft  laterally  ana  longitudinally. 
Utah  rctoj-on  e*  roll  rorpon^i*  yav  residence  all  pretty  gco-I.  Responsiveness,  in  the  initiation  ci  not  ion ’and ‘the 
stopping  of  the  motion  in  tr*e  x  and  y  directions  say  affected  by  lag*'  ir.  the  ryetes.  was* difficult  to  stabilise 
arid  hold  desired  velocities .  Th«.n  t*>  %rx,  to  stop  it  at  any  precite  point  was  also  smewhat  diff  ictat.  I  was  able 
to  hover  pretoy  well,  hut  H  did  vi.o  quite  a  bit  wf  concentration,  Xn  doing  so,  tr.cre  were  rone  excursions  in 
height  but  hat  was  easily  compensated  with  collective  inputs.  Ha  eht  control  was  qvite  adequate;  good  dcr-ping  in 
height.  There  sorl  of  a  corkscrew  *i'fzct  when  yc<  start  turning,  depcnd>nr,  on  t)ic  rate  at  which  you  turn. 

There  is  a  terdcxicy  to  aro?  down  in  altitude.  Sure  thcr*  is  a  losn  of  lift  as  it  does  require  ecr.e  noticeable 
power  input  to  maintain  altitude.  Had  a  tendency  to  3 -sc  altitude  in  the  Uut\  over  a  spot.  Also  secred  to  be 
po^er  require*  when  I  nadt  sene  rapid  lateral  or.d  longitudina'  iispla cements.  At  far  as  precision  around  the 
ground  track,  x  and  y  vaa  sort  ot  especially  i  the  y  direction.  I  war  either  too  far  ahead  or  too  for 

lehlnf  the  spot.  Quick  stopc  -  It’s  sort  of  a  hlt-or-r.ire  proposition,  although  1  .managed  to  stop  at  she  spot 
fairly  veil,  nut  trying  tc  hold  it  there  was  net  wasy.  There  did  seer,  to  be  oore  fairly  large  centre  1  motions 
required.  Turning  ever  a-spvt  -  1  think  the  ability  tr  stay'  over  t>ic  spot  was  only  fair,  I  was  always  raking 
corrections,  didn’t  no>,c  /cry  f^ct  t’ornc.  rflth  il’ese  rodcrate  t’trn  rater  I  was- able  to  stop  it  within  about 
15  deg* of  desired  heading,  ’'over  precision  was  fair,  tut  I  had  U  work  fairly  hard  at  it.  Certainly  adequate  for 
vertical  lindihg  and  control  activity  was  almort  constant.  There  were  some  x  cro.-s-coucling  effects  between  longi¬ 
tudinal  actions  and  lateral  or  bank  angles.  I  always  had  that  problem.  I  guer.r  the  most  objectionable  feature  i3 
the  fact  tiiat  yen  do  Lav*  to  anticipate  stopping  of  x  and  y  "jotir  .  and  pitch  attitude  changes.  Pitch  attitude 
change?  svex  to-ho  fairly  ltirge  U*  mnen’er,  Overall,  it  does  require  moderate  to  ♦'onsiderable  pilot  ccapencation 
to  do  most  ci  tlie*  tasks,  especially  the  quick  stops. 
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TABLE  B-Il(a)  (Continued) 


CiB-  CU9  SCI  Hc_'  IIL  IjSa-'Ul-  -  UI.  <rllg  *  <•  ,'g  "  0  ^e  ■  0.500  l?a,»  0.310  PR  •»  7 

qbis  vas  not  a  very  good  configuration,  I  played  around  a  little  vilh  the  gearings,  -but  tnejfinal  values  are 
essentially  like  the  previsas,  configuration.  Even  for  relatively  snail  espHtude-displacenente  and  rates,  I  Just 
didn't. think  the  precision  of  control  and  the  precision  of  the  task  were  adequate.  Don't  believe  I  ever  felt  T 
cceplcteiy -lost. control,  but  there  were  tines  --hen  very  large  excursions  were  obvious.  Quick  ctop3  -  I  could  stop, 
it,  but  then  I  couldn't, saintalr.  posit.icnat  thestoppingpotnt.  Then  trying  to  brine  it  t»  to"**  vaJ  quite 
a  prebien.  Could-prebabiy  stop  the  rorn  enra  hiadlng  within- about  -5  deg.  Precision  of  tcver  vas .fair ,  but  it 
did  take <n  pretty  .fair  sscunt  of  concentration.  r  vould, probably  be  able  to  lend.  although  I'd  have  to  be  quite 
c&refurvlt!i  it;  Height  control,  hwever,  didn't  seen  to-be  a-.big  problcu,  although  there  was  esc  air.euvcr  where 
I, think  I  left 'the  altitude  go  all  the  tray  dem  to  20  ft..  I  guess  the  prinary  objection  is  the  initiation  of 
translational  notion  Is  sluggish  end  once  you  get  the  notion  stinted. it’c  difficult  to  stop  It.  Pitch  control  is 
certainly  quite  adequate.  lateral- control  s c creed  l  little. sluggish.  Hie  attitudes  required  to  stop  the  airplane 
once  yen  gi-t  »t-«jving  are  fairly  &*,«;  especially  in  pitch.  Didn’t  see  anything  too  favorable  about  the  con¬ 
figuration.  mere  is-r.u. pitch  or  lateral  oscillation  that  is  highly  objectionable,  so  the  damping  in'pltch  and 
roll  is  pretty  good.  Jhe  problta  is  along  the  axes  in  translation  and  also  the  large  displaceccntr  in  bonks  angle- 
_id  pitch  at.titudethat  sue  required  to  get  the  airplar.e  to  ! sove  end  stop. 
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(b)  Height  Control 

Case  da  7V&  •*  Zvf  •  0  T/H  *'  Ub  Zfc  **  3.20  PH  '  10 

Irlvuy  task  vfts  tc  evaluate  ability' to  maintain  height  control  while  doing  basic  tasks.  If*  quite  cbviouf  you've 
absolutely  no  stability,  no  doping  In  height  control,  so  the  pilot  starts  off  chasing  altitude,  the  task  is 
very,  ^»ery  severe.  I  was  overebr. trolling  very,  very  much  vith  the  collective.  1  tried  it  again  isuch  core  care¬ 
fully  and  vac  actually. able  to  get  off  the  ground  and  establish  about  50  ft  and  had  pretty  good  control- of' alti¬ 
tude  far  a  short  tine,  ray  be  on  the  order  cf  a  minute  or  tvo,  and  vas  also  able  tc  hover  over  the  spot  at  the  ca 're¬ 
time  fairly  veil,  but  was  spending  such  tise  controlling  altitude.  So  everything  looked  good:  then  X  tried  to 
start  the  maneuver.  Asvsocn  as  I  did  this,  the  altitude  changed  a  little,  so  X  tried  to  chase  it  with  larger  ar.c 
larger  collective  inputs.  Was  going-devn  to  about  f»0  ft  and  uj  to  about  dO  or  90  ft.  That’s  pretty  poor.  It  vac 
obvious  that  practically  all  my  tine  vculd  have  to  be  devoted  t  >  height  control  and  there  vouid  be  very  little 
tise  to  do  anything  else  vith  the  aircraft.  On  the  basis  of  htight  control  alone,  I  vouid  have  to  rate  this  con¬ 
figuration  completely  unacceptable.  Control  will  be  lost  in  ccee  portion. cf  required  eporaticn. 


Case  a%  Zva  «  ?.v&  *  -0.?5  7/W  *  UL  Zg,  *  3.?0  FR  <*  5 

Required  a  fair  amount  of  monitoring  of  height  control.  The  best  I  could  do  vac  to  maintain  altitude  about  *20 
to  HO  ft,  but  this  took  a  fair  swount  of  effort.  I  did  all  of  the  maneuvers.  Didn’t  really  thijik  that  these 
maneuvers  were  too  tad.  Sccc  degrading  might  have  occurred  in  perfomnne c  due  tc  tise  spent  monitoring  height 
control.  Alvays  shooting  for  *5  ft,  but  this  tise  I  doubled  that  on  the  overage  to  *10  ft.  Air  taxi  around  the 
square  response  to  controls  really  wasn't  too  bad.  W&c  able -to  initiate  notion  in  each^dircction.  General 
comments  -  Essentially,  I  had  a  fair  eaount  of  monitoring  on  height  control  vith  rather  large  excursions.  St<*  as 
sucli  as  SO  ft  high  and  about  15  ft  low  free  the  nominal' 50  ft  that  I*»  shooting  ter.  Or.  the  average,  however, 
height  control  was  about  ilO  ft.  Required  reasonable  amount  of  monitoring.  Didn't  choose  any  control  sensitivity, 
Ju3t  accepted  vhat  vac  here  as  being  reasonable.  Could  do  all  the  maneuvers  reasonably  veil.  However,  during  the 
mere  rapid  and  larger  amplitude  raneuvers  I  had  tc  monitor  the -height  a  little  more  carefully  because  it  vouid 
tend  to  eith-r  climb  or  descend  as  I  made  these  large  amplitude  inputs.  Most  objectionable  featurc’vculd  be  the 
height  ccntro.1;  I  would  certainly  like  to  hawe  it  be  better.  Favorable  feature,  I  think,  vac  the  fact  that,  in 
spite  of  height  control,  T  vac  still  able  te  de- all -maneuvers  reasonably,  veil. 


Case  CM3  1 7us  «  -O.35  T/W  •’UL  Z^  1  3.20  PR  «  3*5 

Control  sensitivity  -  Finally  chose  this  one,  which  is  a  little  lover  gain  than  vculd  have  really  liked  frox  a 
standpoint  cf  initial  response.  With  higher  sensitivities,  got  into  other  little  problems  like  a  tendency  to 
overcor.fcrob  seme,  ro  I  finally  backed  off.  Taxi  around  the  square  response  tc  inputs  was  fair.  Ability  to 
stabilize  and  hold  desired  velocities  vac  fair.  Could  step  and  case  to  a  hover  at  the  corners  reasonably  wcl), 
although  again  it  takes  fairly  large  and  rapid  inputs  to  stop.  It  docs  take  luirly  large  pitch  and  roll  atti¬ 
tudes;  the  bank  angles  are  usually  less  than  5  deg  an?  ir.  pitch  less  than  f*  deg.,  However,  vac  able  tc  maintain 
ground  track  quite  veil  and  no  problem  In  holding  heading,  l e cause  you  just  keep  your  feet  off  the  rudders  In 
effect,  and  the  friction ; holds  it  cnee  you  establish  that  you  have  r,o  rate  of  turn.  Altitude  control  -  Spent  seme 
time  on  it;  could  maintain  altitude  if  I  vented  to  within  *5  ft  for  normal  maneuvering.  Hot  true  when  I  vent  into 
large  amplitude,  very  rapid  or  at  least  attempted  to  make  very  rapid  inputs  to  establish  higher  rates.  Hero 
height  control  problem  became  a  little  more  obvious.  Quick  stops  -  Could  stop  quickly  but,  considering  that  rates? 
arc  fairly  lev,  the  attitude  charges  appeared  to  bo  fairly  high.  Jo  attitude  control  deem  t  seen  to  be  much  cf  a 
prcbiro;  height  control  a  little  bit  of  a  problem,  definitely  noticeable  that  you  do  have  t*  spend  rcr.o  time  or. 
it.  Cm  initiate  and  hold  turn  rates  without  prcbltai;  can  stop  on  preselected  heading  eve n  at  very  high  rates. 
Didn’t  us?  any  of  the  wing  tilt  control.  Precision  hover  -  Vertical  landing  -  War  able  to  establish  and  maintain 
previse  hover  quite  veil,  a  littl*'  ckldierieh  but  not  really  too  bad;  could  generally  stay  veil  within  the  7-ffc 
square.  Tne  dynamics  of  cno  axis  did  not  affect  the  evaluation  of  another.  Overall  evaluation  -  for-ewhat  cl  jee- 
tionable  feature  was  that  you  have  to  look  at  the  height  control,  but  it  really  wasn’t  that  big,  a  feature.  Was 
reascnacly  rattened  that  I  could  meet  my  criterion  of  -5  ft.  but  to  do  that  it  requires  maybe  a  Ifflo  more  time 
and  cross,  reference  than  is  desirable.  Favorable  features  -  Ihu  fact  that  T  can  do  all  the  maneuver'*  with  en¬ 
able  precision  In  a  fairly  goo-I  way.  Ho  special  piloting  technique. 


Case  Cifh  i\a  -  Svf  -  -0.175  TA  *  l.Of  2^  -  <\?0  PR  -  3.5 

Control  sensitivities  -  Added  a  lUtl*.  **ennitlvity.  it  seecod  tv  be  a  little  tetter.  I  would  say  generally  this 
was  a  fair  configuration.  Air  taxi  -  7},o  precision  of  control  is  still  not  really  &r  goo-3  as  I  would  like  it. 

The  small  sensitivity  change  helped  6 ore.  Sfll  get  th*  fooling  there  are  appreciable  lags  from  collective  input 
ond  iii  stopping  Use-rates  of  descent  or  rates  of  climb  2  can  fin?  n  fairly  well  stabilized  altitude  with  seme 
effort.  It  takes  several  power  inputs  ant  cross -encckiiu?  b  tween  toe  display  and  altteetcr  to  find  It.  After  a 
while  you  sort  of  mechanically  put  the  power  in  and  gr*t,  «-  rate"  of  deroe.it.  To  e+\  the  rates  of  dor  cent  under 
control,  ycu  make  a  fairly  large  input  and  then  hold  it  for  4  recojvJ  or  tvo  arid  take  j*rt  of  it  out  again  nrd 
then  cross-check  the  altimeter  and  dirplay.  it  reor.cd  *  me  that  maybe  £  ft/sec  if  about  as  high  as  I  would  like 
to  ree  0?  like  to  go  with  this  thin*?.  ttie  tJ.V  I  had  e.  .airly  Mfh  rate  of  descent  going  and  got  down  to  about 
If  ft  on  the  altimeter.  Was  wondering  sTietli *r  X  vculd  le  ar>  to  step  the  race  of  descent  before  touching  down. 
Touchdowb  le  about  Q  ft.  I  cf  11  think  tl.“x«e  if  fame  Unite.Hen  hers-.  It’s  probably  a  combination  of  United 
thrust  available  plus  aerodynamic  damping  and  art  doi;pln<%  ?  can’t  differentiate;  Iff  a  conoi nation,  I 

think.  Ac  far  as  Ji^iglit  control  is  concern-'-*,  you  raild  do  *  fair  job  of  flying  the  airplane.  You  can  get  ade¬ 
quate  performance;  la  it  satisfactory  without  improveKent?  Haj'be  you  have  ftnc  rederate  ri3ot  ccnpensationa  to 
get  the  precision  ym  ’/ant.  There  arc  a*^ain  limiw  to  bow  fast  you  can  go  up  and  doyn  arnl  otill  be  able  to  control 
the  rate  of  climb  or  the  rate  of  descent.  iVecision  of  control,  agaiii,  dees  taka  a  certain  amount  of  pilot  effort 
to  get  tee  proper  powr  setting,  co  frequent  of  collective  input  is  maybe  a  little  higher  than  you  would  like. 
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TABLE  E-Tl(b)  (Continued) 


Case  7Va  *  0  ZWg  *  -0.35  T/W  a  1.0?  Z$c  ■  £.05  K 

The  hover  pcrfcrcar.cc  vac  reasonable.  Tried  quite  a  few  control  sensitivities,  f  war.  having  sene  lags  in  height 
control  response  to  collective  which  1  could  improve  by  increasing  the  sensitivity.  T  had  a  tendency  to  then 
ever control,  so  I  vent  back  toward  the  lever  sensitivity.  I. wasn’t  too, happy  with  the  precision  o:  height  control. 
Had  to  spend  a  fair  amount  of  tins  at  it  and  almost  invariably  when  I  iljd  I  had  trouble  crying  to  maintain. my 
position  over  the  spot.  However,  it  vac  not  really  that  horrendous.  It  vac  one  of  those  configurations  that,  if 
the  retes  of  change  in  height  v-Te  kept  to  a  low  level,  1  vac  able  to? establish  a  steady- state  height  reasonably 
veil,  but  again  vith  quite  a  number -of  collective  inputs.  At  the  higner  rates,  did.overccntrol  quite  a  bit.  When 
I  redact'd  rates  to  fairly  lev  levels,  my  be  a  lialf-foot  per  second  or  soothing  in  that  order,  it  gets  reasonable 
as  far  as  precision,  vith  cose  effort  you  cayfce  can  establish  a  hover  height  about  *5  ft.  It’s  certainly  control¬ 
lable.  lean  get  adequate  perform  nee  with  tolcrablt  workload.  I  .would  think' you  should  irpreve  this  come;  I 
warn 1 t - too -happy  with  the  precision  of  control  only  because  it  took  quite  a  bit  of  effort,  a  lot  of  collective 
inputs  to  finally  establish  a  steadi-state  hover  height/  x  would  probably  think  it’s. at  least  a  moderate  compen¬ 
sation  required.  Va  not  really  curt  whether  I  nui  out.  of  thrust.  Had  the  feeling  that  possibly  at  the  higher 
rates  it  took  a  large  amount  of  collective  to  stop  the  rate  of  sink. 


Case  Cil6  ~va  -  Z.jc  ••  -0.05  T/V  *.  1.05  Zjc  *  3.?0  iR  -  6 

Selection  of  the  gearing  was  predicated  primarily  on  reducing  over  control  tendencies.  Ended  up  I  think  vith  the 
minimum  gearing  available.  I  had  gene  up  fairly  high  with  it;  however,  there  is  a  very  strong  tendency  to  over¬ 
control,  so  I  was  going  up  and  down  like  a  yo-yo  Jor  a  while.  I  was  spending  a  fair  amount  of  tire  on  the  height 
control  when  I  was  tp'lng  to  be  precise  with  it;  thaV  deteriorated  the  performance  cn  the  X-Y-  plane.  the  overall 
impression  is  that  it  is  not  a  very  good  configuration.  I  suspect  that  it’s  a  damping  problem  primarily,  but  I 
couldn’t  care  less  whether  it  is  deeping  or  the  fact J that  I  ray  have  lags  in  the  power  application,  or  that  there 
lc  a  lack  of  excess  thrust  available.  The  end  result  is 'the  care.  3ho  precision  cf  height  control  is  Just  not 
there.  I  could  probably  land  it  as  long  c.s  I  can  Veep  the  rates  down.  Hevc  to  work  pretty  hard,,  though,  to 
establish  exactly  20  ft  cr  exactly/ to  ft  within;  aay,  -5r  ft;  that's  &  fairly  difficult  tack.  It  docs  warrant 
improvement.  It  has  very  objectionable  but  tolerable  deficiencies.  Adequate  performance  requires  extensive  pilot 
compensation. 


Case  CH7  7Va  «  -  -0.175  Vfit  -  1.05  2gc  -  1.51  Ik  *  5.r< 

I  didn't  change  the  sensitivities  on  collective,  Just  accepted  what  1  had,  mainly  ce cause  xt  seemed  adequate.  I 
did  a  little  better  in  hover,  but  Vn  still  having  tough  time  flying  longitudinal  and  lateral  noies  so  I  concen¬ 
trated  more  on  the  hover  in  cvaluati)^:  the  height  control.  It's  a  natter  of  rates,  x  think,  li  I  keep  the* rates 
reasonably  low,  1  have  seme  precision.  If  I  try  to  spec-1  up  the  response,  X'n  way  oehind  the  airplane  in  txying 
to  recover  it.  I  think- the  objectionable  features  arc  tne  lead  tine  requixed  in  stopping  the  notion  once  you  get 
it  raving,  the  lag  in  getting  cone  noticeable  movement  when -yea  rake  the  input  and  the  fact  that  the  precision  of 
control  in  all  axes  was  rather  poor.  If  I  net  up  nigh  rates  of  descent  and  high  rates  of  climb,  tnen  the  preci¬ 
sion  Just  isn’t  there.  You  get  an  overshoot  of  at  least  30  ft  or  nox*e  *n  the  climb  direction,  l’n  a  little  ircxc 
hesitant  to  allow  It  to  drop  below  20  'fc  sc*  I  tend  to  make  sharper,  faster,  larger  inputs  when  the  rate  of  descent 
is  fairly  high  and  .'n  approaching  20  ft.  It’s  llxc  bang -ban-’  control,  you  Just  put  xt  in  and  say  take  co<tc  of  it 
out  because  you  know  you  prcbmbly  have  ovurccn trolled,  Thinr.  it  is  controllable.  Adequate  performance  with  a 
tolerable  workload?  Hot  if  you’re  talking  about  the  overall  task. 


Case  C r/Wa  ?wc  -0.25  T/U  *  1.05  ?^c  -  1.51  TR  3 

It  is  rtill  not  very  good,  but  I  managed  to  hover  times  almost  within  the  square,  vnich  is  yx'otiy  rood,  Hi'' 
same  things  bother  me  in  longitudinal  and  lateral  control:  the  lags,  the  turbulence,  possibly  the  gearing  is 
involved  5n  there  also.  On  the  precision  of  vertical  control,  I  was  able  to  go  down  to  20  ft  and  hold  it  thoic 
while  T  attempted  to  do  sceac  maneuvers,  vent  back  up  to  ’,6  ft  and  hit  it  fairly  veil.  For  long  periods  of  tiro 
t!  e  height  oenkrol  required  no  attention.  Also  attempted  scce  high  rates  of  descent  and  climb.  Tne  time  that  I 
have  to  concentrate  on  the  height  control  is  fairly  minimal.  Precision  of  height  control  was  pretty  ,  oed  and  tnc 
fuct  that  you  can  pretty  much  set  the  collective  and  the  height  stays  fairly  close  to  where  you  put  it,  certainly 
within  the  5  it;  that’s  pretty  good.  It  seemed  that  there  was  always  somewhat  of  a  lag,  but  I  think  that's  prob¬ 
ably-built  int'*  tlxo  altimeter.  Forcibly  come  of  this  hunting  for  the  proper  collective  positicn'Kjy  be  caused  by 
that  lag  in  the  altimeter.  Only  minor  or  minimal  pilot  compensation  required. 


Case  CII9  7u&  >  Sws  *  -0,05  T/M  *  1.10  Z$e  *  5.M*  FR  ^  ?.5 

I  played  around  v'tn  the  collective  sensitivity  quite  a  bit  and  war-  non  able  to  find  anything  I  liked.  As  I 
increased  the  sensitivity,  I  over  con  trolled  very  badly.  I  had  started  out  with  the  sensitivity  to  the  mir.lmuMt 
position  on  the  lever  ar»u  went  up  Just  a  little,  but  that  gave  me  all  kinds  of  trouble.  I  picked  socicthing 
halfway  between.  I  was  still  having  troubles  so  I  finally  settled  on  having  miniwxm  sensitivity  and  that  still 
gave  co  the  same  kinds  of  problems  I  had  on. the  previous  configuration  (Cull)  except  more  accentuated.  To  get 
the  thing  moving  It  scans  to  take  quite  a  hi*  of  thrust;  once  you  get  it  moving,  though,  to  stop  it  t*/,cs  quite  a 
bit  of  collective  change*  sc-  I  suspect  we  have  rcraa  degradation  in  she  height  damping,  plus  the  fact  that  possibly 
ve  have  low  excess  thrust  available  for  height  control.  Er.d  result  i&  that  fcrfomonce  on  the  tasks,  longitudinal 
and  lateral,  was  quite  bad.  Didn't  even  try  the  lateral  displacements;  ;  was  having  enough  trouble  with  pitch. 
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TABLE  E- II('d)  (Concluded) 


I'scd  a  rood  portion  of  tij:e  just  trying  to  keep  the  airplane  at  proper  altitude  or  at  least  ttying  to  stay  close 
to  the  TO  ft  or  ko  ft  altitude,  i  was  overshooting  at  least  10  ft.  K»v*  a  tendency  to  fly  tighter  vhcr.  I's 
going  down  t:*an  vhen  I'a  going  up.  Main  objection  was  the  t  I  did  not  have  precision  of  height  control.  I  think 
there  were  tiaer  vhen  I  did  manage  to  have  the  power  lever  just  about  right  but  then  every  tine  you  nancuvcr  the 
airplane  to  sene  extent  you  do  have  quite  a  bit  of  activity  with  the  collective. 


Case  OHIO  Zva  *  7vc  -  -0.1*5  T/V  a  1.10  Zsc  «  1.51  PR  -  5 

The  initial  control  sensitivity  on  the  collective  was  a  little  high  and  I  over  controlled  very  badly,  so  r  cut  the 
sensitivity  do cent*.  Was  having  rore  problems  with  hover  than  anything  else  on  this  configuration.  Stems  to 
be  substantial,  lead  required  both  In  pitch  and  roll  but  it’s  sore  obvious  in  the  pitch  axis.  The  dynamics  are 
also  a  problem.  I  had  to  make  reasonable  number  of  collective  inputs  to  naintain  to  ft.  However,  it  seemed  tc  be 
a  reasonable  task.  On  the  ether  hand,  vhen  I  started  to  sake  clicbs  and  descents  to  about  TO  ft  and  back  up  to 
hO  ft,  still  had  a  tendency  to  cvcrcontrcl  with  the  collective  because  there  seeded  to  be  a  lack  of  thrust  or 
there  vac  a  lag  in  the  response  of  the  thrust;  cither  way  you  would  Get  the  seme  effect.  Overall  performance  of 
the  tasks  vr.r  quite  poor,  especially  the  hover;  I  really  had  trouble  with  that.  As  long  as  7  did  things  at 
reasonably  low  rates,  I  could  manage  to  do  the  task.  If  1  tried  to  push  the  airplane  and  force  it  to  respond  at 
higher  rates,  then  everything  seemed  to  go  to  poo.  I  don't  really  think  I  cculd  do  a  quick  stop  with  this  thing 
too  veil.  I  didn't  try  any  turns  over  the  spot.  Precision  of  hover,  I  thought,  was  quite  poor  and  I  had  diffi¬ 
culty  In  establishing  reasonable  rates  of  descent  and  climbs  so  J  could  stop  the  height  exactly  where  I  vunted  it, 
I  think  it  was  probably  adequate  lor  vertical  landing  as  fai  as  height,  control  vac  concerned,  but  I'n  not  too  sure 
about  being  able  to  hit  a  spot  with  any  degree  of  precision.  Control  activity  was  quite  large;  I  was  continuously 
maxing  inputs*.  Overall,  there  wasn’t  anything  I  particularly  liked  about  It,  bus  I  thc.jht  it  was  flyable  with  a 
fairly  large  amount  of  effort.  It  takes  quite  a  bit  of  concentration. 


Case  CHI!  Zua  »  Zwc  r  -0.175  ?/H  «  1.10  Z§c  =  6.30  PR  »  3 

Don't  have  the  feeling  I  have  very  precise  control  of  the  aircraft;  however,  I  managed  to  keep  reasonable  control* 
It’c  Just  concentrating  on  height  control  that’s  a  problem.  By  using  lorf  rates  for  take-off  and  changing  altitude 
by  CO  ft  from  bo  ft  to  fO  ft  and  back  to  ho  ft,  did  seen  to  have  reasonable  precision  within  about  1  or  "• 

However,  I  did  do  a  couple  of  maneuvers  where  i  increased  the  rates  fairly  high  and  did  have  scce  overshoot  pr**  - 
lens.  Got  the  impression  that  it  was  because  I  needed  norc  collective  displacement  than  I  would  normally  like  to 
use;  it  ceer.od  I  was  using  quite  a  bit  of  power.  The  excess  power  available  is  not  as  rtuoh  a<  I  would  like.  I 
don't  think  it  wav-  associated  with  damping  per  so  because  generally  I  could  stabilise  pretty  well  at  **«  ft  and 
TO  ft  with  jusf  a  moderate  amount  of  hunting.  Objectionable  feature  -  I  think  it  was  Just  at  the  higher  rates;  too 
such  collective  uisplaccnent  war  required.  Favorable  features  were  that,  by  keeping  the  rater  reasonably  slew,  I 
was  able  to  have  pretty  precise  control  of  altitude.  He  special  piloting  techniques  except  that,  because  of  lags 
in  the  lateral  and  loigitudinal  dynamics,  you  have  to  lead  the  power  application  if  your  rates  of  descent  or  rate 
of  clirh  get  too  high.  It's  hard  to  ray  exactly  what  those  rates  are,  but  if  you’re  going  to  change  TO  ft  in  more 
than  about  30  sec,  then  you  nay  get  into  cone  power  application  problems.  I  suspect  it  was  probably  lack  of  suf 
ficicnt  excess  thrust  available  for  control. 
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APPENDIX  E 


COmOL-MCMEMT  EXCEEDANCE  PLOTS  FOR 
THE  MANEUVERING  SUBTLASK 


Pitch,  roll,  yaw  siid  height  control  power  exceedance -data  computed  for  a 
range  of  reference  moment  levels  are  contained  in  this  Appendix.  Initially, 
exceedance  plots  are  present  for  pitch,  roll  and  combined  pitch  and  roll 
control  moment  data  measured  during  the  maneuvering  subtask.  The  effects  of 
turbulence  intensity,  aircraft  speed  stability  and  drag  parameter,  level  of 
aircraft  pitch  and  roll  dynamics,  control  lags,  rate  and  control  coupling, 
and  independent  thrust- vector  control  can  be  seen  in  these  exceedance  data. 
The  change  in  thrust-usage  exceedance  values  with  height  velocity  damping 
are  presented  next,  and  the  final  figure  in  this  Appendix  contains  the  yaw 
control-moment-usage  exceedance  results.  In  general,  the  effects  of  the 
different  parameters  examined  on  control-power  usage,  as  defined  by  the 
exceedance  data  in  this  Appendix,  are  consistent  with  the  effects  noted 
(for  the  maneuvering  subtask)  by  comparing  the  5-percent  exceedance  levels. 


FIGURE  E-l.  Effect  of  Turbulence  on  Exceedance  Results  for  a  V/STOL 
Configuration  with  Small  Response  to  Turbulence 


BMS-TURBUt-ENCE 


SASIC  CONFIGURATION  I  8C1 


1.0  FOR  SC4,  BC2,  SC3  o,.  f  o  »  3.4  f-T/SEC  MANEUVERING  SU3T ASK 


REFERENCE  CONTFiOL  MOMENT  LEVEL  -  RAD/SEC2 

FIGURE  E-5.  Exceedance  Data  for  Three  V/STOL  Configurations  Exhibiting 
the  Three  MIL-F-83300  Levels  of  Flying  Qualities 
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REFERENCE  PITCH  CONTROL  MOMENT  LEVEL  -  RAD/SEC2 
FIGURE  F-8.  Comparison  Between  Pitch  Control- Moment  Exceedance  Daba  for 
Independent  Thrust-v'ector  Control  and  Conventional  Position 
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APPENDIX  F 


ABBHIOKAL  DETAILS  OF  THE  UARL  FLIGHT  SIMULATION 


This  Appendix  is  a  supplement  to  the  description  of  the  UARL  flight 
simulation  contained  in  this  report  (Section  II. B).  Details  of  the  equations 
used  to  represent  V/STOI.  aircraft  motion  in  hovering  and  low- speed  flight 
are  discussed  initially,  here.  The  characteristics  of  the  flight  simulator 
controls  are  detailed  next  and  the  motion  washout  logic  is  described  in  the 
final  section  of  this  Appendix. 

A.  Equations  of  Motion 

The  general  form  of  the  six-degree-of- freedom  perturbation  equations  of 
motion  for  V/STOL  hovering  end  low- speed  flight  are  given  in  Eq.  (F-l). 

+  +  i -  4  =  -Mae8e  -  Ma  (ug  +  um  cost//) 

V  +  L^</)+  I*?  -  p  *  -L5a5a  -  Iy  (vg  -  Um  sint//) 

V  +  KjX  -  r  =  -  -  Nv.  (vg  -  Um  sint ft) 

XyU  -  qw  rv  -  g  (sinfl  +  sin Y)  -  u  -  -  Xu  (ug  +  Ura  cost /»)  -  xge^e 

Yyv  -  ru  +  pw  +  g  si n</>  co3(  Q  +  J  )  -  v  =  -  Yv  (vg  -  Um  sint//)  -  V* 

Z^w  -  pv  +  qu  +  g(.l  -  cos</>cos 6  -  cost//cos7)  -  w  =  -z«e* 

i  =  0.087  ts 

0  =  q  cost/)  -  r  sin</>  ' 

4>  =  p  +  q  slogan  0  +  r  cos#an0 
t//  =  (q  sin«p  +  r  cos</>)  sec0 

The  various  terms  and  symbols  are  described  in  the  List  of  Symbols.  The 
equations  are  for  a  body  axis  coordinate  system  and  have  been  normalised 
with  aircraft  mass  and  moments  of  inertia.  Stability  derivatives  on  the 
left  side  of  the  equations  describe  the  aerodynamic,  propulsive  and  sta¬ 
bility  augmentation  forces  and  moments.  Terms  on  the  right  side  describe 
the  forces  and  moments  induced  by  control  inputs,  the  simulated  turbulence 
and  the  mean  ’-rind.  With  the  exception  of  Ny,  the  derivatives  which  couple 
motion  between  axes  have  generally  been  assumed  to  be  negligible.  However, 

Preceding  page  blank 
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pitch  and  roll  rate  coupling  and  control  coupling  were  examined  in  one  of 
the  longitudinal  and  lateral  control  studies  (Sections  Il.A.l.f .  and 
III.A.5.).  For  this  investigation  the  terms  and  L^o  were  added  to  the 
left  side  of  the  pitch  and  roll  moment  equations,  respectively,  and  the 
terms  MgaSa  and  Lge8e  were  added  to  the  right  side  of  these  respective  equa¬ 
tions.  Also,  it  should  he  noted  that  the  mean  wind,  Um,  was  from  000  degrees 
true  and  it  therefore  affected  the  lateral  and  directional  forces  and  moments, 
especially  during  the  ±180  deg  turn  sabtask.  Finally,  the  relationship  for 
7  describes  the  rate-command,  thumb-switch  control  characteristic  for  the 
thrust-vector  angle, 7  ,  The  parameter  T3  was  either  0  or  -1  and,  consequently, 
the  pilot  could  command  a  5  deg/sec  rate-of-change  of  thrust- vector  angle 
(or  wing- tilt  angle)  to  trim  the  effects  of  the  mean  rand  acting  on  the  air¬ 
craft  longitudinal  drag  parameter.  For  the  study  of  independent  thrust- 
vector  control  the  rate-of-change  of  thrust- vector  angle  was  treated  as  a 
parameter  (Section  l'II.A.6.). 

B.  Characteristics  of  the  Flight  Simulator  Controls 

A  conventional  floor-mounted  control  stick  ( ..he  cyclic  pitch  control 
stick  of  the  S-6l)  was  used  for  attitude  control.  It  was  used  without  a 
force  gradient  and  the  inherent  friction  present  was  negligible.  The  full 
longitudinal  and  lateral  travels  of  the  control  stick  were ±6.63  in.  and 
±6.50  in.,  respectively.  For  height  control,  a  conventional,  floor-mounted 
helicopter- type  collective  control  with  adjustable  friction  was  used 
(7.5  in.  total  travel).  The  rudder  pedals  (±3.2  in.  total  travel)  for 
yaw  control  did  not  have  a  force  gradient  and  the  inherent  friction  was 
negligible.  An  on-off  thumb- switch  control  was  also  used  to  command  a 
fixed,  rate-of-change  of  thrust- vector  angle  (5  deg/sec).  For  the  study  of 
independent- thrust- vector  control  (Section  III. A. 6.)  different  commanded 
rates- of- change  were  considered.  Also,  for  one  part  of  that  study  the 
thumb  switch  was  used  to  control  pitch  attitude  and  the  cyclic  stick  con¬ 
trolled  thrust- vector  angle  (Section  III.A.6.), 

C.  Flight  Simulator  Motion  Washout  System 

A  schematic  flow  diagram  for  the  motion  washout  interface  between  the 
simulated  V/STOL  aircraft  morion  (from  the  equations  of  motion  implemented 
on  an  analog  computer)  and  the  commanded  flight  simulator  motion  is  shown 
in  Fig.  F-l.  This  washout  system  insures  bhab  the  flight  simulator  remains 
within  its  motion  limits.  The  chaiacteristics  of  the  washout  system  have 
been  tailored  as  much  as  possible  to  the  frequency  response  features  of  the 
human  vestibular  system  (Ref.  11),  First-order  roll-offs  (20  dB/decade) 
are  used  to  attenuate  the  low-frequency  flight  simulator  attitude  motion. 

This  roll-off  at  low  frequencies  is  similar  to  the  frequency  response  of 
the  attitude  motion  sensors  in  the  vestibular  system  (the  semi-circular 
canals).  Second- order  roll-offs  are  used  for  the  translational  motion. 
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Crossfeeds  between  low-  frequency  longitudinal  arid  lateral  accelerations  and 
pitch  and  roll  attitude,  respectively,  are  used  to  simulate  these  accelera¬ 
tions  with  components  of  the  earth’s  gravity  vector.  Because  of  this  feature 
these  low-frequency  aircraft  accelerations  are  also  subtracted  from  the  simu¬ 
lator  translational  motion  commands.  A  more  complete  description  of  the 
washout  system  is  contained  in  Ref.  11. 
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Diagram  of  UAC  V/  STOL  Flight  Simulator  Motion  Washout  System 
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